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ABSTRACT 


The effect of suboptimal temperature on growth and viability of 
salmonellae in tryptic soy broth (TSB) and glucose-salt broth (GSB) at 
pH 5, 6 and 7 was studied using a static temperature gradient incubator. 
Survival or growth of Salmonella hetdelberg, Salmonella typhimurtum and 
Salmonella newport in TSB at all pH levels was essentially the same from 
0-30°. Minimum growth temperatures were approximately 14, 6 and 6° at 
pH 5, 6 and 7 respectively. Total growth as measured by viable count 
and absorbance was highest at pH 7. Growth of S. hetdelberg in GSB was 
slower and much less extensive compared with TSB. The organism could 
grow in GSB at 11, 9 and 9° at pH 5, 6 and 7 respectively. Survival 
was favored at lower temperatures of incubation. 

Subsequent experiments were carried out using S. hetdelberg incub- 
ated in GSB under aerated conditions. Between 37 and 18°, growth rate 
was a linear function of temperature. The linearity was distorted at 
temperatures below 18° where growth rate was greatly retarded. Similar- 
ly the yield coefficient was relatively constant from 37 to 18° but 
below this range yield was no longer independent of growth rate and fell 
off precipitously. The defect in low temperature growth at 7, 9 and 15° 
was also evidenced by lag periods of 12, 8 and 2 hr respectively. During 
the lag period, ATP synthesis dropped rapidly but was resumed just before 
the initiation of growth. Appreciable amounts of ATP were synthesized 
even at 7 and 9°. The aerated culture showed growth at 6-7° in GSB 
compared to 9° in the static temperature gradient incubator. 

Growth of S. hetdelberg did not occur at temperatures below 6° 


either in TSB or GSB. Instead the organism showed metabolic injury as 
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Manifested by an increased sensitivity to selective media (desoxycholate 
agar and MacConkey agar). The roiti and extent of injury increased 
with decreasing temperature from the minimal growth temperature to 0°. 
Leakage of U.V.-absorbing compounds from the organism occurred during 
cold storage and the cells became permeable to 8-anilino-|I-naphthalene 
sulphonic acid. Degradation of RNA, DNA and protein was not significant 
during cold storage. Addition of metabolic inhibitors to the storage 
menstrua did not change ene percentage of injury significantly, with the 
exception of 2,4-dinitrophenol which appeared to exert a protective 
effect. On transfer to 20°, the culture exhibited an extended lag period 
during which it rapidly recovered its tolerance to selective media. 
Recovery was favored at pH 6-8 and 25-35° but could not be demonstrated 
at pH 4 and 10 or at 5°. The presence of metabolic inhibitors in the 
recovery menstrua did not prevent recovery. Practically no increase in 
levels of RNA, DNA and protein was found during the recovery period. 
Recovery could occur in simple substrates such as phosphate buffer and 
distilled water. 

Another phenomenon was observed immediately upon transferring an 
exponential culture in GSB from 20 or 37° into fresh medium pretempered 
at 5°. The culture was rendered unable to grow on tryptic soy agar + 
0.5% yeast extract whereas enn on glucose-salt agar was abundant. On 
further incubation at 5°, the culture gradually recovered from such a 
sensitivity within 8 hr. Recovery depended on RNA synthesis and was much 
faster at 20°. However, the culture grown in TSB did not show such a 
‘minimal medium recovery! effect. 

The extent of injury and recovery was also markedly affected by the 


storage menstruum. Cultures grown in GSB and stored in distilled water 
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at 2° were also rendered sensitive to desoxycholate agar, but the 
recovery process required ATP and mucopeptide synthesis. The stored 
cells lost their viability on tryptic soy agar + 0.5% yeast extract 
rapidly when incubated at 25° in distilled water but recovered cells 
survived under the same conditions. 

It is concluded pa cold injury and recovery are very complex 
phenomena, markedly affected by experimental conditions. In particular 
the results emphasize the desirability of non-selective pre-enrichment 
techniques and the need for re-examination and evaluation of selective 
plating media for the isolation and detection of salmonellae from foods 


held at refrigerated temperatures. 
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INTRODUCTION 


In food preservation and processing, temperature plays a vital 
role. Heat sterilization, pasteurization, freeze drying, freezing and 
low temperature peorete are in widespread use. It is, therefore, 
important for the food microbiologist to gain an understanding of the 
physiological or biochemical factors that determine the temperature 
limits for microbial growth, metabolic activities x temperatures 
other than optimal growth temperature, and survival and damage of 
micro-organisms at non-permissive growth temperatures. 

A useful way of expressing quantitatively the effect of temperature 
on a microbial activity is in the form of the temperature co-efficient or 
Qio value, which is the ratio of the rate of a metabolic process at one 
temperature to the rate at a temperature 10° lower. Another more 


sophisticated method is by use of the Arrhenius equation, 


rs pert 
where V = reaction velocity 
A = entropy constant 
—E = activation energy 
R = gas constant 
T = absolute temperature 


A plot of the natural logarithm of V against the reciprocal of the 
absolute temperature T results in a linear relationship. Arrhenius 
later modified the equation when dealing with biological systems by 
replacing E with u, which is referred to as the ''temperature character- 
istic''. However, unlike chemical reactions, the linear relationship 
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between biological processes including microbial growth and enzymatic 
reactions and temperature only holds over a narrow range of temperatures. 
This is because in cellular systems a whole sequence of enzymatic 
reactions is involved, all of which have their individual temperature 
coefficients and heat-stability, therefore a greater degree of 
complexity is only to be expected. 

Microbial growth is found to be best in a rather restricted range 
of temperatures falling off correspondingly at temperatures above and 
below this range. At the extreme, growth is not possible and these two 
limits are referred to as the minimum and maximum growth temperatures. 
The temperature or narrow range of temperatures at which the organism 
grows best is known as the optimum temperature. Ina living system, 
the optimum temperature may be termed as that point at which metabolic 
processes function at a maximum rate consonant with the maintenance of 
the system. In bacteriology, the most common meaning of optimum 
temperature is the temperature at which the specific growth rate is 
maximal (Ingraham, 1962). 

The fact that all micro-organisms exhibit a minimum, optimum and 
maximum growth temperature and that these temperature criteria vary 
between organisms has been used to separate micro-organisms into three 
main groups, namely psychrophiles, mesophiles and thermophiles. 
Psychrophiles are a rather ill-defined group of micro-organisms, 
distinguished from the others by their ability to grow at low temper- 
atures and now generally accepted as micro-organisms capable of 
producing microscopically visible colonies on a solid medium within 
two weeks at 0° (Ingraham and Stokes, 1959). However, Stokes (1963) 


later restricted this definition and confined the required formation of 
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visible colonies to one week. Farrell and Rose (1967a), further 
divided the psychrophiles into obligate and facultative psychrophiles 
according to their optimum growth temperatures. Psychrophiles with an 
optimum growth temperature of greater than 20° were termed facultative 
psychrophiles while those with an optimum temperature of less than 20° 
were termed obligate psychrophiles. 

Thermophilic micro-organisms are defined as micro-organisms having 
a maximum growth temperature above 50° (Farrell and Rose, 1967a). 
Thermophiles can be further subdivided into obligate and facultative 
thermophiles. An obligate thermophile has an optimum growth temperature 
between 65 - 70° and a minimum of 40 - 42° while a facultative thermo- 
phile has a maximum growth temperature between 50 - 65° and a minimum of 
room temperature or less (Farrell and Campbell, 1969). 

Mesophiles are generally characterized by their growth optima 
which lie between 25° and 40°. In general, the most favorable 
temperature for growth of the organism is roughly correlated with the 
natural habitat, thus most, if not all the bacteria that are pathogenic 
to or saprophytic on man are mesophiles with a growth optimum around 37°. 
Elliot and Heiniger (1965) used a temperature gradient incubator to 
study the growth of 14 strains of Salmonella in trypticase soy broth at 
super-optimal growth temperatures. They found that the maximal growth 
temperatures fell between 43.2 and 46.7° and that no strain at 10°/ml 
survived 50° for 48 hr. On the other hand, Matches and Liston (1968) 
found the minimum temperatures, as determined by visible growth on agar 
for 7 serotypes of Salmonella, ranged from 5.5 to 6.8°, whereas in broth 
culture, after 19 days! incubation, the minimum growth temperatures for 


S. heidelberg, S. typhimurtwn and S. derby were 5.3, 6.2 and 6.9° 


} < . xs ’ ax A a iC th , : / 7 
4a Tw (Eyer) gags. rahe a he, he ape SSUTth a) 
x5 + { : ’ 


os 2 
e 24K wee acres)! a 7 ete 
4 - bo 
2 fea SE 
fia ] > ii a < Geyer on 
"Wiiea| : ; j ad 2 


, < ‘ ne t § e ¥ i Py io 


i 5 5 dad ¢ u 
+ d Takeo ee. tan Pla he say? > ' chy PYEntS ®.) eu) 4 On i¥4 
- 5 eve Terhiiser yy Shia fh i “afi nei apt Pat be 


rool eae igo as ft \ hah pry pe Gal 


. Z os » wh 4 4 
i? = LS a ; ne 
‘ ; liken , », » ‘ - + fe Ey 4 * oT ea 
OMe, Gong Wad! “ne Se etialoukes GR aAeD ate ae ae 
7 ; z q ar >i “ : x ‘ 7 ’ 
Al tis ' sf I2 if | v, f is r t ‘ f mv a> ? »¢ ror, | ia 
y F ; } a, if ou ( O9@ ve Ke. SSS ob 


o) 
= 
xr 
& 
& 
a 
@ 
z 
= 
a 
ms 
os 
—4 
° 
a. 
— 
.*) 
he 
rar 
a 
° 
— 
y 
<q) 
3 
; oo 


siceoalinte eva sett eladresd- ade 0é& yok (AG ek SOM eo Pe8, pep 


» We Ditebee wien! oe Faetg 4 Wve be Li teeeens te nant we a Wtahonge, 
‘ < A - : ; : ia! a, 


| wh epee! ingiiety SWhinskendmiheen ACT) aitiriete wie 


- re, til Heat - ge te Maiey i nha aie oe Pras FY ih i i ‘A3eo Tr sh 7 Ee 
. > : u ) ms F 
‘ie wep feng ive 


runt) Tam ikew afte Yor. tenet eri 


2 fake, DE | nies bw ad bag ; te TS yee (eye 3S. : ASA 

fais y he . bil ova. ia on vbysa Sets : me 4d oH 
: ; 19h AO << ii F abat aly “8 ei ‘ie cr boa sah 1 oot 
pare a oi: iota }. ; oF. 259 dav) baton 6h | Cece 


Ria rininie Ais ae euiabn ad jeotandiant | ay 


a ¥ ann ‘3 jem Porte te shoe aiihortelhges 


* " P . : 7 i a : a 

7] ee t ; es it 

ea a 
7. - aly 


ae 


respectively. 


|. Microbial Activities at Superoptimal Temperatures. 


From the above information, it might be asked what is the 
physiological or biochemical basis for maximum growth temperature of a 
micro-organism? Some plausible suggestions of factors limiting 
microbial growth above max imum growth temperature include the 
denaturation of respiratory enzymes (Edwards and Rettger, 1937; Hagen 
and Rose, 1961, 1962; Evison and Rose, 1965); changes in the properties 
of membrane lipids (Luzzati and Husson, 1962; Byrne and Chapman, 1964) 
and membrane protein (Inouye and Pardee, 1970; Siccardi et al., 1971); 
denaturation and degradation of RNA (Califano, 1952; Strange and Shon, 
1964; Pace and Campbell, 1967; Allwood and Russell, 1948); the selective 
leakage of cellular components especially RNA derivatives as a result 
of rupture of the cell membrane (Strange and Shon, 1964; Hagen et al., 
1964; Haight and Morita, 1966; Malcolm, 1967). The work done in this 
department has shown that temperatures of 30° have no deleterious effect 
on the activity of all enzymes of the Krebs' cycle In the psychrophile, 
Micrococcus eryophilus (Malcolm, 1967). The most important role in 
determining the heat sensitivity of this organism was played by enzymes 
associated with RNA synthesis and/or degradation (Tai, 1967). The 
results of Lee (1968) and Gray (1969) showed a decrease in RNA content 
of M. eryophilus at temperatures a few degrees above the maximum growth 
temperature. Malcolm (1969) reported that both prolyl and glutamy]-tRNA 
synthetases are temperature sensitive and further suggested these two 


amino acid activating enzymes to be the molecular determinants of the 
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5 
maximum growth temperature of M. eryophtlus, with RNA degradation being 
a secondary factor. Later Gray et al. (1973) found that degradation of 
the 23S and 16S RNA species of Pseudomonas fluorescens occurred at 36°, 
a temperature just above its growth maximum and the partially destroyed 
RNA species Could be resynthesized at the optimal temperature of the 
organism. Campbell and Pace (1968) examined the differential heat 
stability of ribosomes from a variety of psychrophilic, mesophilic and 
thermophilic micro-organisms and found the thermal stability of ribo- 
somes correlated positively with the maximal growth temperature of the 
organisms. 

At temperatures above the optimum, the growth rate of micro- 
organisms usually declines very rapidly. Forrest (1967) found the fall 
in growth rate and yield of Zymomonas mobtlts began at a temperature a 
little above the accepted optimal temperature of the organism and was 
not accompanied by a similar decrease in glycolytic activity and the 
rate of degradation of glucose continued to increase at high temperatures. 
He suggested that the maximal efficiency of growth might be realized 
only over a restricted range of temperature and that outside this range 
energetically uncoupled growth could take place even under conditions of 
adequate nutrition. Ron and his colleagues (1971a,b) suggested the 
immediate reversible heat-sensitivity of homoserine transsuccinylase of 
Escherichia colt was responsible for its decreased growth rate at 45° 


compared to 40°. 
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11. Microbial Activities at Suboptimal Temperatures. 


A. Physiological Activities 

Pigment production: Synthesis of the red pigment, prodigiosin, 
by strains of Serratta marcescens is favoured between 20 and 25°, 
although the optimum temperature for growth of the bacterium is near 
37°. The enzyme that catalyses the final step in the biosynthesis of 
prodigiosin, the coupling of a monopyrrole with a bipyrrole to give the 
linear tripyrrole, prodigiosin, is abnormally temperature-sensitive 
(Williams et al., 1965). On the other hand, the production of a red 
pigment by the silkworm pathogen, Bactllus cereus var. alestt at 15° 
but not at 25° has been traced to the effect of temperature on enzyme 
synthesis rather than on enzyme activity. 

Flagella production: Production of flagella is often favoured at 
low temperatures and is absent at higher temperatures; such examples 
include Bactllus tneonstans (Braun and Lowenstein, 1923), EF. colt 
(Morrison and McCapra, 1961), Salmonella paratypht B (Jordan et al., 
1934) , Salmonella typht (Felix et al., 1934) and certain psychrophilic 
bacteria (Schubert and Schubert, 1953). Roberts and Doetsch (1966) 
studied the effect of temperature on regeneration of flagella in 
bacteria that had been experimentally deflagellated, and showed that 
the thermophile, B. stearothermophilus 11330 resynthesized flagella at 
20°, a temperature below the minimum for the growth of the bacterium. 

Polysaccharide synthesis: There is a tendency for micro-organisms 
to synthesize increased amounts of polysaccharides at suboptimal 
temperatures. Production of extracellular dextrans by leuconostocs and 


pediococci is well known to be favoured at temperatures below the optima 
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for growth of these bacteria. This effect has been attributed to the 
production by these bacteria of a dextransucrase that is very rapidly 
inactivated at temperatures >30° (Neely, 1960) and, with a lactobacillus, 
to the temperature-sensitive nature of the dextransucrase synthesizing 
system (Dunican and Seeley, 1963). Tempest and Hunter (1965) reported 
an increase in the marten of cell carbohydrate when the temperature of 
Aerobacter aerogenes in continuous culture was decreased from 35 to 25°. 
Ng (1969) found that #. colt grown at 10° are richer in carbohydrate 
(22% of dry weight) than are cells grown at 37° (8.4% of dry weight). 
Sugar fermentation: Greene and Jezeski (1954) found that sugar 
fermentation at temperatures below 30° gave rise to both acid and gas, 
while above 30° only acid was produced. Similiarly, Upadhyay and Stokes 
(1963a,b) studied a psychrophile which fermented glucose and other 
sugars with the formation of acid and gas at 20° and lower, but produced 
only acid at higher temperatures. This difference was ascribed to a 
temperature-sensitive hydrogenase synthesizing system of the cell. Beef 
spoilage bacteria have been shown to liquefy gelatin and utilize water- 
soluble beef proteins more at 5° than at 30° (Jay, 1967), but whether 


this effect is due to temperature-sensitive enzymes is not yet known. 


B. Molecular Basis for the Minimum Temperature for Growth 
The physiological basis for the fundamental difference between 
psychrophiles and mesophiles, namely the ability to grow at 0°, has 
interested several groups of workers over the past decade. As yet, 
however, no firm understanding of this ability has been reached. 
Several theories have been put forward ce explain the relatively 
high minimum temperature for growth of mesophiles. The first of these 


was formulated as a result of observations of Ingraham and Bailey (1959) 


ob bind try Pee on ta eh nie ae 


' 
’ | f 
: A "| o 


‘ety yh Smee CRidedeee nade Se tee | 


7 he ay 4 ni 
» os al nm - : y 
ae ROP. sustuenl*: Phe she ng) Were 
od 2) eb oh AS pu tig LSE, Seek ‘ OPED he ee 
bats a af re] 
ae, , ' 
al deere sine +y Wh Qty tas indan ova — 
P es i 
> : 
esc : ed ee ny 
eR 2 eas 
i ue ea! 


é , 2 due : =< «+ rg ‘ ’ 
Py iS _ : Pe oe? eae ‘Gtkee | ‘Ro PtP ? ee 
a . } ry a! 


. ats 
* ad VP ae Pav. aN Tviira Cha eee 
: 
} : i = c . Firs 
we 
See Cape 
: Hal Avboeey.2 1 he3) Sh 4 aa 
' Ria 2 ; LD aap »? 
; ; id 7 uty oie KT] eee Ss! ar bel sci 


nt 
‘4 Ha Shaeth (avis "he hil Fe i eed bit 


iv P Maran. 
, 
z : ‘ 


Fit? VIVE rape Sead a¥4 “aia ate Pina 


y , 


uf 


ta ' vy yee bith ee ] 5 Vey ne - £3 | Me. iG fal sayy tile re 
a2 WaT VSI Nn heme 2 ne ate SAT.” sanindpoiee hea hottie, aa vl 
atoai 4 i at eas ies Sy nbs sane 


tote ont hue bag a Lae oy devel fa be Ryd. AEE wd) speed nes 


’ ‘ 
=! 4 ¥ 


eit tehe tay (ERM: Yel) SDE Wa ied s 78 *Fevenoe-ontetata am oa 
\ i > “4 


j SRO IBY 4 a) : rary ane wy) A) gra t=e yd oes bd oF ah #1 re vi 
[ 
~ < J s r 7 
4] ga f a << if ail 
Sites 1 uy eae i oe ntti ou ee by » een wel 
: Fie Aa ee Oe ee pe yt 7-1 Py te ge ee ee a ca ee 
ovis). sate dT? rh aitosshie? odd 16th) ren Fo tg) avg “ef. 
mil) aoe i P ~ a : : 
ent ; voit Al > te A? wien ( iiqoeen ae sat! lag! 


Shey A ak 


mn 
G 
< 
ie 
¥ 
4 
a 
= 
Fd 
oe 
5 
om 
z. 
es. 
a 
Ale 
Ae 


id 
J Fa 


7 / a (Ob Ame POT 2g Pan i al e107 Dae hin yeWohay fi a is cn’ oid 
- = 4 


Veer dete err Riba lan: wat RW yy) TEP Gl: aad! Bator var (Ania. 
i ‘i to 


& kn oe? 4 ey. bibs j 9 changes tet i we. pst) a TF sys baie 
bia 7” ee eH 


> ieee 
bon - 


Py) ae orn on : 


8 
and later of Baxter and Gibbons (1962) and Rose and Evison (1965). It 


postulates that mesophiles are unable to grow at temperatures below 5- 
10° because, at these temperatures, they are unable to transport solutes 
across the cytoplasmic membrane. Farrell and Rose (1967b) have offered 
three basic mechanisms by which low temperature could affect solute 
uptake: (a) inactivation of individual permease-proteins at low 
temperature as a result of low temperature induced conformational 
changes which have been shown to occur in some proteins, (b) changes in 
the molecular architecture of the cytoplasmic membrane which prevent 
permease action, and (c) a shortage of energy required for the active 
transport of solutes. According to Farrell and Rose, the possibility 
of (a) does not seem likely, mainly because this would mean that the 
minimum temperature of a micro-organism would vary with the chemical 
composition of the medium, an observation which has not been reported. 
The possibility of (c) is also unlikely, because endogenous respiration 
proceeds at temperatures below the minimum for growth (Baxter and 
Gibbons, 1962; Rose and Evison, 1965); moreover, the ATP contents of 
Candtda uttlts grown at 25 or 10° are almost identical. This leaves (b) 
and it has been suggested that, at near-zero temperatures, the fatty 
acid side chains in membrane phospholipids of the mesophile solidify 
(Byrne and Chapman, 1964) and this could restrict the mobility of the 
permease proteins. However, Marr and Ingraham (1962) found that growth 
at a particular temperature does not result in a unique fatty acid 
composition, since altering the nutrition status independently of 
temperature also resulted in major changes in fatty acid composition. 
They concluded that the fatty acid composition of the bacteria does not 


determine the minimum temperature for growth. 
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Inactivation of solute transport in mesophiles at low temperatures 
was discovered as a result of preliminary observations by Ingraham and 
his colleagues. However, more recent work in Ingraham's laboratory has 
been concerned with another aspect of the physiology of micro-organisms 
at low temperatures. Ingraham and Maaldge (1967) believe that, at 
temperatures below the optimum for growth of mesophilic micro-organisms, 
there is a progressively more effective derangement of the biochemical 
mechanisms that regulate the activity and synthesis of enzymes and that 
this derangement leads ultimately to cessation of growth. Long before 
a molecular basis for metabolic regulatory processes had been proposed 
by Jacob and Monod (1961) there had been reports that, in general, 
induction of enzyme synthesis by micro-organisms was very temperature 
sensitive (Knox, 1953). More recently, Halpern (1961) reported that 
synthesis of glutamate decarboxylase in £. colt is inducible at 37° 
but partly constitutive at 30°. In addition, tryptophan has been 
shown to induce tryptophanase synthesis in another wild strain of £. 
coli at 30° but not at temperatures <15° (Ng and Gartner, 1963). 
Repression of enzyme synthesis is also often sensitive to temperature. 
Gallant and Stapleton (1963) isolated a mutant of FE. colt B in which 
the extent of repression of alkaline phosphatase synthesis by inorganic 
phosphate decreases as the temperature is increased from 20 to 40°. 
Marr et al. (1964) showed that the maximum differential rate of 
B-galactosidase synthesis in &. colt ML30 in either a constitutive 
strain or a maximally induced wild-type strain is significantly reduced 
if the culture is grown at low temperature. A report by Ng et (eh he 
(1962) suggested that the growth of £. colt ML30 at low temperatures 


damaged the bacteria in such a way that the growth rate was decreased. 
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These workers showed that the glucose repression of B-galactosidase 
synthesis by this organism occurred at a temperature that coincided 
with damage to the bacterium. It has been suggested on the basis of 
these results that the temperature affects the synthesis of repressor 
proteins (Marr et al., 1964), that the affinity of the repressor for 
the co-repressor is influenced by temperature (Farrell and Rose, 1967a), 
or that the repressor molecule itself is thermolabile (Udaka and 
Horiuchi, 1965). As yet, however, no one has demonstrated that these 
effects can contribute to the high minimum temperature for growth of 
mesophiles. 

Ng et al. (1962) studied the effect of shifting an exponentially 
growing culture of EF. colt ML30 from 30° to 10° and found that there 
were no changes in turbidity and viable counts for 4 hr. It was 
later found by Shaw and Ingraham (1967) that during this lag period, 
there was no net synthesis of deoxyribonucleic acid, ribonucleic acid 
and protein. In view of their results that protein synthesis commenced 
after 4 hr of lag and that growth did not recommence till after 
four and a half hours, it would appear that protein synthesis was 
necessary for the resumption of growth at low temperature. 

According to Kaempfer et al. (1968), initiation of protein 
synthesis in £. colt involves the ordered association of the two 
ribosomal subunits, 50S and 30S, formylmethionyl-transfer RNA (F-met- 
tRNA) and several protein factors on the initiation signal of the mRNA. 
After the 70S ribosome completes the translation of the messenger RNA 
molecule, it dissociates at some point into subunits before re-initiat- 
ing protein synthesis once again. It has been shown (Das and Goldstein, 


1968) that at 0° protein synthesis by £. colt slows progressively and 
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eventually stops. However, it is restored instantly to normal if the 
cells are warmed to 37°. The cause of the low-temperature defect 
appears to be an inability of free ribosomes to attach to messenger RNA. 
Their evidence suggests that a ribosome has to be activated especially, 
once it has been released from the 3' end of a messenger RNA strand, in 
order to permit its functional reattachment at the 5'-end of a new 
Gperon! This activation apparently proceeds too slowly at 0° to be 
effective in competition with inactivation processes. They suggested 
the low temperature effect on protein synthesis would explain the well- 
known phenomenon of minimum growth temperature. Friedman et al. (1969) 
also found that when an exponentially growing culture of EF. colt is 
cooled to below 8°, there is an immediate accumulation of 30S and 50S 
ribosomal subunits due to a block in the initiation of protein synthesis 
while the elongation of initiated proteins continues until they are 
completed. This low-temperature ribosomal subunit accumulation has a 
sharp cut-off between 8° and 10°. At 10°, no accumulation of subunits 
occurs. Most other activities including RNA and DNA synthesis continue 
at 7°. They suggest the failure to initiate the synthesis of new 
proteins at sub-minimal growth temperature is responsible for failure 
to carry out cell division, a process which naturally requires new 
proteins. 

It is still not known to what extent uncoupling of energy 
production is the basis for the minimum temperature for growth. Forrest 
(1967) reported that growing cultures of Streptococcus faecalts at 
temperatures from 30 to 36.7° had activation energies for both rates of 
growth and glycolysis of 10.3 Kea] mole }, and a constant growth yield, 


when growth took place below this temperature, the growth yield 
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12 
decreased and the activation energy for growth increased to 21.1 Kea] 


mole }, but the activation energy for glycolysis was unchanged. The 
adenosine triphosphate pool in the organism behaved differently above 
and below 30°, suggesting that the energetic coupling between anabolism 
and catabolism is less effective below 30°. Ng (1969) had similar 
findings with EF. colt ML30, the yield of which began to fall off 
precipitously at temperatures below 15°. His observation that growth 
was most rapid on glucose, slowest on succinate and intermediate on 
glycerol at 37°, whereas at 13° the rate of growth was equal on all three 
carbon sources, suggests that catabolism of the carbon source is the 
limiting factor of growth at higher temperatures and biosynthesis limits 
growth at low temperatures. There was no defect in energy production 
at temperatures down to 10° and the energy produced was actually stored 
in the form of glycogen since the glycogen to protein ratio of cells 
grown at 10° was approximately three times higher than that of cells 
grown at 37°. Ng (1969) suggested that biosynthesis limits growth at 
low temperatures and that decrease in cell yield with decrease in 
temperature is a result of uncoupling of energy production from energy 
utilization and not due to decreased permeability at low temperatures. 
The available evidence cited above indicates that the block in 
initiating protein synthesis at low temperatures is most likely the 
molecular basis for the minimal temperature for growth of a mesophile, 


although further experimentation is clearly needed. 
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lll. Sublethal Temperature Effect on Micro-organisms. 


When bacteria are exposed to conditions such as heat, freezing, 
drying, irradiation and chemical treatments, both death and injury may 
occur. Injury represents the loss of some characteristic of the 
untreated cells, which restricts growth after treatment, if this 
specific characteristic is challenged. Injured cells are generally able 
to repair this damage under favorable conditions and hence recover 
their ability to grow as well as the untreated cells. Sublethally- 
injured micro-organisms are frequently encountered in food products 
whether partially heat-processed, frozen, dried or acidified. The most 
frequent manifestation of injury is the increased sensitivity of 
damaged cells to selective media. This observation has important 
implications with regard to the detection and enumeration of such 


organisms. 


A. Sublethal Heating 

These conditions of injury and recovery are well illustrated by 
Staphylococeus aureus when sublethally-heated cells exhibit an increased 
sensitivity to salt and are able to regain their salt tolerance when 
exposed to suitable conditions. 

Expressions of injury that have been reported include: extension of 
the lag phase of growth; more exacting nutrient, temperature and pH 
requirements; reduced oxygen consumption and increased sensitivity to 
inhibitors and selective agents. 


Jackson and Woodbine (1963) showed that when an enterotoxigenic 
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strain of Staphylococcus aureus was subjected to sublethal heat 
treatment and subsequently inoculated into nutrient broth at 37°, there 
was a drop in viable count followed by a lag phase of growth. The 
phenomenon was described as an extended lag phase. More recent work 
has shown that the extended lag phase is actually a recovery period. 

Nelson (1943) in reviewing the literature concerned with recovery 
of bacteria in various media, considered that 'rich' media gave the 
highest recoveries, but recent findings indicate that this is not 
always true. Ina later paper Nelson (1956) reported that the pH of 
the plating medium most favorable for growth of heat-treated organisms 
differed from that for non-heated cells. 

An attempt to determine the factors responsible for the improved 
growth of heated Pseudomonas fluorescens on complex media compared to 
simple salts-agar medium was made by Heather and Van der Zant (1957). 
They observed increased survival when casamine acids or a mixture of 
eighteen amino acids were used to supplement the synthetic medium. 
Subsequent experiments in which single amino acids were added to 
synthetic agar supplemented with glutamic acid showed that combining 
glutamic acid with either lysine, proline or methionine gave counts of 
heat-treated cells similar to those with all eighteen amino acids 
present. 

The influence of various components of recovery media for heat-~ 
treated BE. coli was studied by Russell and Harries (1968). They found 
that vitamins were not involved in the recovery process and that 
although addition of amino acids to a synthetic medium gave increased 

. recovery, addition of yeast extract was even more beneficial. 


On the other hand, Gomez et al. (1973) found that exponential 
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phase Salmonella typhimurium LT2, S. thompson and S. hetdelberg grown 
in a glucose-salt medium (M-9), harvested at 37° and heat treated at 
50° exhibit a higher recovery on M-9 agar than on trypticase soy agar 
with yeast extract. This phenomenon is known as minimal medium 
recovery. Heat-treated bacteria incubated at 37° in M-9 broth or 
distilled water recovered their ability to grow on trypticase soy agar. 
In accord with recent reports of thermally induced DNA breakage in £. 
colt (Sedgwick and Bridges, 1972) and its restitution (Woodcock and 
Grigg, 1972), they presented evidence of the repair of DNA single- 
strand breakage during recovery (Gomez and Sinskey, 1973). 

Harries and Russell (1966) reported increased viable counts of 
heat-treated Z. colt when pour-plates were used compared to surface 
spread-plates. Similar observations were made by Baird-Parker and 
Davenport (1965) using Staphylococcus aureus. They suggested that 
anaerobic or semi-anaerobic conditions may assist recovery. This 
finding is interesting in view of the effect of the presence of 
oxygen during the heating period described above. Allwood and Russell 
(1966) reported increased counts when either glucose or phosphate was 
incorporated in nutrient agar used for recovery of heated Staph. aureus. 
In view of the findings of these authors that heated cells grew better 
at low pH, it may be that acid produced by glucose metabolism accounts 
for the effect of this compound. 

Staphylocoeeus aureus was found to require a number of substances 
for recovery after heating (landolo and Ordal, 1966). These were given 
as glucose, a mixture of amino acids and phosphate. Recovery of the 
cells was found to occur in the absence of cell division. In addition, 


by incorporation of various inhibitors in, the recovery medium, RNA 
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synthesis was shown to be necessary for the recovery of heated cells. 
Thus it may well be significant firstly that variations in the 
stability of RNA occur between organisms having growth optima at 
different temperatures (Saunders and Campbell, 1966) and secondly that 
RNA degradation (Eigner et al., 1961) and leakage (landolo and Ordal, 
1966; Allwood and ee. 1968) occur on heating bacteria. 

Repair to thermal injury of Staphylococcus aureus also appears to 
be involved in the finding of Busta and Jezeski (1963) that heat-induced 
salt sensitivity could be eliminated by incubation of the damaged cells 
in a nutrient medium. Subsequently, Sogin and Ordal (1967) showed that 
ribosomal RNA was resynthesized and Rosenthal and landolo (1970) showed 
that 16S RNA was the prime target of degradation and as a consequence 
the 30S ribosome subunit was also destroyed during heating while during 
recovery (Rosenthal et al., 1972) both ribosomal particles were 
reassembled and the 50S subunit was turned over and used as a source of | 
protein for new ribosome assembly and de novo synthesis was limited 
solely to RNA. Clark and Ordal (1969) investigated the effect of sub- 
lethal heat upon the growth of Salmonella typhimurtum on several 
commercially available selective media. They found injured organisms 
to be sensitive to brilliant green agar, Levine eosin methylene blue 
agar, Salmonella-Shigella agar and desoxycholate citrate agar. The 
organism recovered its ability to grow on these media after incubation 
in trypticase soy broth. Tomlins and Ordal (1971a) showed that 
synthesis of ATP, RNA and protein were all essential for the recovery 
of S. typhtmurtum from injury induced by sublethal heat. They (197 1b) 
further demonstrated that after injury the 16S RNA species was totally 


degraded and the 23S RNA was partially degraded while the 30S ribosomal 
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subunits were totally destroyed and the sedimentation coefficient of the 
50S particle was decreased to 47S. The rate-limiting step in the 
recovery of S. typhtmurtum from thermal injury was in the maturation of 
the newly synthesized rRNA and the synthesis of new ribosomal proteins 
was also necessary. 

Thus present evidence points out strongly the lesion of heat 
injury of both Staph. aureus and S. typhimurtum results in degradation 
of ribosome subunits with 16S RNA and 30S ribosome subunits being the 
main target. Hurst et al. (1973) added that heat damaged cells of 
Staph. aureus may recover their salt tolerance while various membrane 
functions remain impaired. They later (1974) found that there was good 
correlation between loss of salt tolerance and loss of cellular 
magnesium and suggested that loss of magnesium was one of the primary 
events in the sublethal heat injury of Staph. aureus. 

Nelson (1956) found a pH of 6.0 to be optimal for recovery of 
heated Staph. aureus when incubated at 37° and a similar finding was 
reported by Allwood and Russell (1966) who also reported the optimal 
recovery temperature being 32°. It has been stated previously 
(landolo and Ordal, 1966) that a pH of 7.2 was optimal for recovery of 
this organism when incubated at 37°. However, the experimental 
techniques of landolo and Ordal (1966) differed from those of the 
other workers. 

Alealigenes species could be recovered from pasteurized milk by 
maintaining at a temperature of 5° for a period before incubation at 
37° (Macauley et aZ., 1963). Without the period at 5° recovery of 
viable organisms was not possible. The rate of cooling from the heating 


temperature to the recovery temperature was stated by Hansen and Rieman 
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(1963) to affect survival. More organisms survived when the rate of 
cooling was slow. They proposed that survival may be due to absence 


of cold shock. 


B. Chilling and Freezing 

Sudden chilling of a dilute suspension of bacteria from their 
normal growth temperature to near 0° causes loss of viability (Sherman 
and Albus, 1923). This phenomenon, which has come to be known as 'cold 
shock', has since been demonstrated with other strains of Escherichta 
colt and other Gram negative bacteria (Meynell, 1958; Gorrill and 
McNeil, 1960; Strange and Dark, 1962; Strange and Ness, 1963). Gram 
positive bacteria are thought to be insensitive to cold shock, although 
Ring (1965a,b) described a similar phenomenon in Streptomyces hydro- 
genans. Susceptibility to cold shock is usually found only in bacteria 
from exponential-phase cultures (Gorrill and McNeil, 1960) and is 
dependent on rapid chilling. The occurrence of cold shock is also 
affected by the concentration of cells, the medium in which the cells 
are grown and in which they are suspended during chilling (Gorrill and 
McNeil, 1960; Houghtby and Liston, 1965; Strange, 1964). Houghtby and 
Liston (1965) suggested that the resistance of #. colt K-12 to cold 
shock is related to the biosynthetic capability of the cultures since 
cultures grown in media providing more preformed nutrients are more 
cold shock sensitive. They also observed that cultures grown at 22° 
were more resistant to cold shock than cultures grown at 35° and that 
rapid warming of a culture grown at 22° to 35° prior to cold shock 
does not render the culture more sensitive. When a thick suspension of 
Aerobacter aerogenes is subjected to cold shock, release of ultraviolet 


absorbing materials, amino acids and ATP has been observed (Strange and 
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Dark, 1962; Strange and Ness, 1963; Strange, 1964), suggesting a damage 


of the cells' permeability barrier. Strange and Dark (1962) reported 
that sucrose, Mg’, or Cain as well as bacteria-free filtrates from 
chilled concentrated suspensions of exponential-phase cultures protected 
a dilute suspension from the lethal effect of chilling. Recently, 
Farrell and Rose (1968) have studied the effect of chilling on a 
mesophilic strain of Pseudomonas aeruginosa and a psychrophilic pseudomonad. 
They found that the psychrophile, which contains a slightly greater 
proportion of unsaturated lipids, compared with the mesophile when grown 
at 30°, was less susceptible to cold shock than the mesophile. But 
when both are grown at 10°, which causes an increased synthesis of 
unsaturated lipids in the bacterial membranes, they are no longer 
susceptible. They suggested that cold shock was a result of.a 
sudden release of cell constituents from bacteria, following the 
'freezing' of certain membrane lipids after the sudden chilling and the 
consequent development of 'holes' in the membrane; the insensitivity to 
cold shock in bacteria grown at 10° could be explained by the lower 
melting point of membrane lipids and hence no ‘holes! were formed in the 
membrane of these bacteria. Sato and Takahashi (1969) demonstrated 
that £. colt, P. fluorescens and B. subtilis were susceptible to shock 
when in the exponential phase of growth and that the viability of cold 
shocked cells increased rapidly when incubated at 30° when either Mg 
or ATP was present in the recovery Tris buffer. 

The effects of freezing and thawing upon the microbial cell have 
been extensively investigated over a period of almost a century. Pictet 
and Young (1884) exposed Saccharomyces cerevisiae to temperatures of 


-70° for 108 hr and -130° for a further 20 hr and found that the 
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yeast lost its ability to raise bread. Since then much work has been 
carried out in an effort to elucidate actual damage to the cell caused 
by freezing and thawing and to determine the external manifestations of 
this damage. Populations of coliforms and salmonellae in foods were 
found to be progressively less able to grow on selective media as 
compared to non-selective media after storage at sub-zero temperatures 
(Gunderson and Rose, 1948; Hartsell, 1951). Straka and Stokes (1959) 
noted that three strains of Pseudomonas and one of H#. colt gave similar 
colony counts on trypticase soy agar and a minimal glucose-salts agar 
but after freezing and thawing the counts on the minimal agar were 
much lower than on trypticase soy agar. Similar results were reported 
for Shtgella sonnet (Nakamura and Dawson, 1962) and for Pseudomonas 
fluorescens and E. colt (Arpai, 1962). 

By this time it had become apparent that any measurement of the 
survival of cells exposed to freezing was dependent upon the medium 
used to assay viability. Those bacteria capable of growth on a non- 
selective and highly nutritious medium but not on a simple minimal 
salt medium were termed ‘metabolically injured'. From this point, 
efforts were directed towards defining the nutritional modifications 
induced by freezing and thawing and assessing cellular damage which 
could influence these alternations. Moss and Speck (1966a) showed that 
freezing affected the cell membrane as evidenced by leakage of RNA 
nucleotides and short chain peptides from F. colt subjected to freezing. 
They reported that the peptide fraction offered protection against the 
effect of freezing when added to the freezing menstruum of a fresh 
culture prior to freezing. Moss and Speck (1966b) identified short 


chain peptides in trypticase that were instrumental in promoting growth 
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2) 
of the injured cells, thus confirming the report of Straka and Stokes 
(1959), that freezing caused certain cells of a bacterial population to 
lose their ability to use inorganic nitrogen. As a result of studying 
metabolic injury in Aerobacter aerogenes and E. colt, Macleod and his 
colleagues (1966) concluded that freezing damaged the cytoplasmic 
membranes in the bacteria, with the results that toxic ions, which are 
present in trace amounts, can penetrate the bacteria. The enriched 
media permit growth of the metabolically injured bacteria by providing 
compounds that chelate the toxic metal ions. An extended lag period 
similar to that caused by sublethal heating has been shown to occur 
following freezing and thawing (Postgate and Hunter, 1963). Arpai (1963) 
suggested that the extended lag period was in reality a recovery period 
during which damage to the cell was repaired. Ray and Speck (1972a) 
found that #. colt gave more rapid maximum recovery from freeze injury 
in a complex nutrient medium such as trypticase soy broth supplemented 
with yeast extract than in the minimal glucose-salt medium. However, 
repair in inorganic phosphate buffer with or without MgSO, was also 
possible and occurred at pH values from 5 to 10 with an optimum between 
8-9, The cells showed repair above 15° with maximum repair between 25 
to 35° after a test period of 2 hours' incubation in the phosphate 
buffer. The injured cells were then found to be extremely sensitive to 
surface active agents common in selective media such as sodium desoxy- 
cholate and sodium lauryl] sulfate, as well as to lysozyme (Ray and 
Speck, 1972b) and the repair process was demonstrated in the absence of 
DNA synthesis, protein synthesis, RNA synthesis and mucopeptide 
synthesis but found ATP synthesis to be essential. Similar finding was 


obtained by freezing Salmonella anatum (Ray et al., 1972). Many of the 
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manifestations of injury resulting from heating and freezing, namely 
leakage of cellular material, increased sensitivity to selective media 
and recovery, are also exhibited following freeze-drying (Sinskey and 
Silverman, 1970; Ray et al., 1971). 

The most recent observations on injury are those of Jackson (1974). 
He found that storage of Staphylococcus aureus at 5° resulted in an 
increased sensitivity to a selective medium, mannitol-salt agar 
compared with a non-selective medium, trypticase soy agar. On transfer 
from 5 to 37° the cells rapidly recovered their ability to grow on 
mannitol-salt agar. Patterson (1974) confirmed these findings and also 
showed that storage of EF. colt at 5° resulted in similar manifestations 
of injury. 

The foregoing literature review was written with the intention of 
providing the reader with a general introduction to the temperature 
relationships of micro-organisms, together with a more detailed 
consideration of some of the more significant and interesting findings. 
The whole topic is too broad for exhaustive examination. However, it 
does illustrate quite clearly that biological systems exhibit many 
deviations from a linear response to temperature, and also that the 
activities of micro-organisms at temperatures other than the optimum 
are not necessarily either qualitatively or quantitatively related. 

In particular, there would appear to be a dearth of information on the 
effect of temperature between optimum and 0°. For food-borne pathogens 
and indicator organisms, this range is 37-0°. As large quantities of 
food are stored in this range, especially between 0-10°, it is surpris- 
ing that this field has not received more attention. The present 


investigation was, therefore, undertaken in an attempt to provide some 
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data on the growth and viability of typical food-borne organisms in 


the range 0-37°. 
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MATERIALS AND METHODS 


1. Temperature Gradient Studies 


Test Organisms and Growth Media 

Salmonella hetabapenys Salmonella typhimurium (B14512) and 
airanelta newport were used in the study. The cultures of S. hetdel- 
berg and S. newport were obtained from the Provincial Laboratory of 
Public Health, Edmonton, Alberta, Canada. Stock cultures were 

maintained at 4° on tryptic soy agar and subcultured monthly. 

Two media were used in the experiments: (1) a complex nutrient 
medium, tryptic soy broth (TSB) and (2) a minimal medium, glucose-salt 
broth (GSB) containing glucose 2.0 9; K2HPO, 7.0 g; KH2PO, 2.0 g; 
sodium citrate 0.5 9; Mg$Oq+7H20 0.1 g; (NHu)2S0, 1.0 g and distilled 
water to 1 liter. Glucose was sterilized by autoclaving separately 
from the salt solution and mixed after cooling. 

The above media were adjusted to pH 5, 6 and 7 with pre-determined 
amounts of sterilized potassium hydroxide or sulphuric acid, or the pH 


was adjusted before autoclaving to give the final desired pH. 


Preparation of Inoculum 

The inoculum was prepared by subculturing the organism three times 
at the mid-logarithmic stage of growth at 37° (absorbance at 450 nm 
0.35-0.4). The culture was then harvested by centrifugation at 5° 
(Sorvall RC2-B) and resuspended with the growth medium to absorbance 


1.0. The growth medium of the inoculum was either TSB or GSB. 
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Measurement of Growth 
0.1 ml of the prepared inoculum was placed into each of a series 

of optically matched tubes of 3/4 in. diameter containing 10 ml of either 
TSB or GSB (pH 5, 6 or 7). The tubes were then placed into the holes of 
a static temperature gradient incubator. The incubator consisted of an 
aluminum bar in mich aN holes were drilled at a 45-degree angle. A 
temperature gradient was created by heating the bar at one end and 
cooling at the other end with a compressor control circuit as designed 
by the Technical Service of the University of terres The temperature 
exhibited by water in the various test tubes had been recorded and shown 
to remain constant within +0.2° for at least 2 weeks. The temperatures 
to which the organisms were exposed were 0, 2, 4, 6, 9, 11, 14, 16, 19, 
21, 23, 25, 28 and 30°. Samples were withdrawn for the measurement of 
absorbance and viable count. Absorbance of the culture was measured 
every few hours at 450 nm in a spectrophotometer (Bausch and Lomb 
Spectronic 20). Viable cell counts were determined at 0 time and every 
5 days for 15 days by the pour-plate method using tryptic soy agar (TSA) 
as the plating medium. The plates were incubated for 24 hr at 37°. 
Dilution of samples was made in 0.1% peptone water at 0-4°. The pH of 
the culture was also measured with a Zeromatic || pH meter (Beckman 
Instruments Inc., Fullerton, California, U.S.A.) on the final day of 


incubation. 
11. Effect of Low Temperature on Salmonella heidelberg 


Test Organism and Growth Media 
S. hetdelberg was used throughout the study. Both tryptic soy 


broth and glucose-salt broth were used for the preparation of inoculum 
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26 
and subsequent experimentation. 

Plating media: (1) complex rich medium, tryptic soy agar + 0.5 % 
yeast extract (TSYA), (2) minimal medium, glucose-salt agar, (3) 
selective media: desoxycholate agar, MacConkey agar and brilliant green 
agar. 

Glucose-salt agar was prepared by adding 1.5% of Bacto-agar to 
glucose-salt broth. All other media were supplied by Difco Laboratories 
Ltd., Detroit 1, Michigan, U.S.A. and all were sterilized as recommended 


by the manufacturer. 


Preparation of Inoculum and Growth Condition 

For the study of effect of subopt imal temperature on growth rate 
and ATP production, immediate temperature equilibration was desired. 
Also a cell concentration of absorbance 0.3 was required to facilitate 
the determination of ATP. Therefore, the inoculum was prepared by 
subculturing the organism three times at the mid-logarithmic stage of 
growth in glucose-salt broth at 37°, harvesting by centrifugation at 
20° and resuspending with a small volume of growth medium. The inoculum 
was then put into 100-200 ml of medium in Erlenmeyer flasks pre- 
tempered to the desired temperature in a Metabolyte Refrigerated 
Water Bath Shaker (New Brunswick Scientific Co., Inc., New Brunswick, 
New Jersey, U.S.A.) shaking at 175 rpm. The accuracy of the temperature 
control of this unit is +0.2°. The determination of cell yield is 
described under the section, 'Yiéld Coefficient’. 

For the study of cold injury at sub-minimal growth temperature, 
unless otherwise specified, inoculum was prepared by harvesting 
exponentially grown culture at 5° and resuspending in a small volume 


of growth medium. Incubation was carried out in the Metabolyte 
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Refrigerated Water Bath Shaker as described above or in a New Brunswick 
Psychrotherm incubator shaker (New Brunswick Scientific Co., New 
Jersey, U.S.A.) with a sensitivity of +0.2°. When larger volumes of 
culture were required, such as for the determination of macromolecular 
composition of cells during storage, the inoculum was added to | litre 
of medium in a 2 1 Erlenmeyer flask. The flask was fitted with a side 
arm and contained a Teflon coated stirring bar. Prior to inoculation, 
the flask of medium was placed in a 12''x12''x12"! plexiglass tank fitted 
with a coolant circulating device that maintained the level of coolant 
in the plexi-glass tank above the level of medium in the flask. The 
coolant was stored in a separate water bath fitted with a heating and 
refrigeration system. The temperature of the coolant in the bath was 
controlled by a micro-set thermoregulator (Precision Scientific, 
Chicago, llMinois, U.S.A.) with a sensitivity of +0.01°. Agitation of 
the medium in the flask was achieved by the use of a non-heating 
magnetic stirrer (Bellco Glass Inc., Vineland, New Jersey, U.S.A.). 
For the study of recovery of the cold-injured cells, unless otherwise 
specified, the cells were harvested by centrifugation at 275° and 
resuspended in cold recovery menstruum. Portions of the cell suspen- 
sion were inoculated either into the recovery menstruum pretempered 

at the desired recovery temperature, or into cold recovery menstruum 


which was then incubated at the desired temperature. 


Viable Count 

Dilutions of samples were prepared by transferring 1 ml aliquots 
to screw capped test tubes containing 9 ml sterile 0.1% peptone water 
held at 0-4°. 0.1 ml of appropriate dilutions were then surface- 
plated in triplicate or duplicate on predried agar plates. The plates 


: b! 
> Sit 


-Y 
“i 


dokveapy) welts a} .ecaWedeiediioesb se: ated) daeiaee 


wr od ot di tataeel eMR i Va rit. . Pee a fa 


(78 i ; Le 
ae ee ee ; 
« : + ‘ ; ths ‘ ° t t=.) : ey 
tq eur iay wine t. aaah aes * se i? ay Pe ee ets 5 ; 
y , a2 y X ; hy oe , 
Groat (om | 7 rade loa ay) Pa we ! Anat eee ius 
4 :  YeD'TTE jv. Wi ass DRE IO24 - 2a hs 
eee te sabfs aM! js yt ate 
4 f 
4 a é t 68 2 % NO‘ bg 
va 
: ae mY a; Hew haba baie 
' ph) = vi nie riz a at : nee fae 
4 uf th. pay an EN a> RN ‘ ‘weg be 
gar. j Ma} nied Aatew 336% qe a tase 
: iA Sis LAR: “3 , an a 
. ‘slpos S49. 7) ai P RAMS kh Biko 5 Ss eine ie 
; i a ‘ 
sae ass 4 a ae 
i) ‘ 3 Wis Ant “ iF + ¢ 
ahora ss SAEs sansa ab bedi! n ve 


00 aay hE) me Wh he Pane a fio iy (iAee: OE 16H 


— 7 2 ¥ . 
a 


L. Ace. pagsiet yc barton Ww i eftt geal! ae 


z 7? eer wees my 7. % a _* t = ¥ ona) 7 i > = 
senpius saatiu getileyvhetn 4)<$las 94ers -cnevesee on mad wat 
[ ‘oat , ¥ ; 


ni Pi 
Te: 
4 iy J ' 4 : 
4 , | ‘ 


ie = aaq 26 wLibpw ki Gane + Jd hie pets an: Sigh.’ atte any: oe 
“ * : y ; 


rs 


: : Me co Le os 
“igebe bo say to 2Aad $46. Gra ae ¥ =yaoer binge hebinegauey *« 
r x , 7 ant y “ a 
| ERS Oc) La Lars Yb SSOSB4 Sho!) nSsheTy a) eisai’ atest oat 
ipié , > gt ‘ 7 + * : ) 
AAU YI2 i yey AiG Ginr Jo .a ete 4 Te) \VsVise': -beyt 
Sus aiegtes 265) ooh «At ie Ba; Sdushi nest aay ey 
A ide at “AD 4A i - 3 ~ A 
Apes , Cee By pita Nord vdlbersqev wyaw Se hm! Te girited tte 


16) the er ela TA of) SA bie ies ghintesnes ‘eatuy Yee) heights > wise eat ys 


‘ 
POTTY 


Se aa ~~ 2 Mires) 
“> ae aati 1) Ve znd dunt nang ak ® Tae a 

} uve “fi xis +s 
i i iia ait ges 


i 


- abel ait haa, eps bal site ia exastien nd sotag! ole, vas netat@ 

eee ek MS 8, I rate 

| ee | >* at ne Ye eer 
; . 2 : Oi thee Mes her 


_ jo | a ao) . 4 


28 
were incubated at 37° for 24 hr and the colonies were enumerated. 
Further incubation did not increase the colony counts. 

». Plates of media were prepared by pouring approximately 12 ml 
sterile media into petri dishes in a Laminar flow hood (The Baker Co., 
Inc., Sanford, Maine, U.S.A.). The covers were left off the petri 
dishes for 20-30 min in au hood to ensure that the surface of the 
plates would be adequately dry before use. Poured petri dishes were 
inverted in stacks and stored in a cold room at 4° but were always 


used within 2 weeks of preparation. 


Dry Weight 

A 90 ml sample of the culture was harvested by centrifugation at 
0° and resuspended in 6 ml 0.05 M phosphate buffer, pH 7.0. 5 ml of 
this suspension was transferred to a dried aluminium foil cup of known 
weight and the whole unit placed in a drying oven at 100° for 24 hr. 
The dried material was cooled to room temperature in a desiccator, 


weighed, and the dry wt/ml of the original culture established. 


Yield Coefficient 

Minimal medium minus sodium citrate containing 250 ug glucose/ml was 
placed in a 300 ml Erlenmeyer flask and inoculated with a washed 
suspension of cells from an exponentially growing culture (10% inoculum). 
The flask was incubated in a Metabolyte water-bath shaker at the 
desired temperature. The turbidity of the culture was followed until 
a constant reading was obtained. The increase in dry weight and 
residual glucose in the filtered medium were determined. The yield 
coefficient, K, was computed from the equation K = (G-G))/C, where G 


and Gp are cell mass (ug dry weight/ml) at the end of the exper iment 
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and at zero-time, respectively, and C is the glucose concentration in 
ug/ml at zero-time. Glucose was determined by the enzymatic Glucostat 


reagent (Worthington Biochemical Corp., Freehold, New Jersey, U.S.A.). 


Determination of Nucleic Acids and Proteins 

The preparation of bacterial samples for nucleic acid and protein 
analyses was carried out according to the procedure of Schmidt and 
Thanhausser (1945). 40 ml of culture was removed at the desired 
interval and centrifuged at 10,000 rpm for 10 min at 2°. The super- 
natant was discarded and the pellet was washed twice in 0.1 M KoHPO,/ 
KH2PO, buffer of pH 7 (0-4°) and finally resuspended in 30 ml of the 
phosphate buffer. The protein and nucleic acid content was then 
determined as follows: 

Protein 

The protein content of cells was determined colorimetrically 
after extraction with alkali according to the method of Lowry et al. 
(1951). 5 ml of the buffered suspension was centrifuged for 8 min at 
10,000 rpm in a 12 ml conical Breer ce de ine! The cells were 
resuspended in 1.5 ml of IN NaOH and the tube capped with a marble and 
placed in a water bath at 37° for 2 hr. The tube of digest was either 
sealed with a paraffin film for storage in the refrigerator (4°) until 
assay within 2 weeks or estimated immediately. The actual estimation 
involved 0.5-1.0 ml of the alkaline digest + 5 ml of reagent D 
(prepared by mixing 2% Na2C03, 1% CuS04*5H20 and 2% sodium tartrate 
in the ratio of 100:1:1) which, after 10 min at room temperature, was 
supplemented with 0.5 ml of Folin-Ciocalteau eagene (diluted 1:1 with 
water). The tubes were left at room temperature for a further 30 min 


when the absorbance at 660 nm was measured. A standard curve was 
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prepared using bovine serum albumin (Calbiochem) . 

Nucleic acids 

The remaining 25 ml portion of the buffered suspension was 
centrifuged and washed once with 10 ml 0.2 N HC10, at O-4°. After 
centrifugation the cells were resuspended in 5 ml 0.3 N NaOH and 
incubated in capped Bee in a water bath at 37° for 70 min with mixing 
once or twice during incubation. After cooling to 0°, to facilitate - 
maximum precipitation on addition of acid, 3 ml of cold 1.2 N HC10, 
was added, and the preparation allowed to stand in ice for a further 
20 min. The samples were centrifuged and the resulting supernatant 
transferred to a test tube for RNA estimation. The precipitate was 
washed with 10 ml cold 0.2 N HC10,, centrifuged and the supernatant 
added to the RNA sample. 

The resulting precipitate was dissolved in 3 ml 0.5 N HC10, at 
80° for 20 min. This preparation was then centrifuged, and | ml. aliquots 
of the supernatant used for the DNA estimation, by a slight modification 
of the Burton (1956) procedure. 

The RNA content was determined by the orcinol method (Schneider, 
1957) using the 1-2 ml aliquots from above +2 ml 0.2 N HC10, and adding 
to this 4 ml FeC13/HC1 reagent (0.1% FeC13°6H20 in conc. HCI). This 
was mixed and 0.4 ml orcinol reagent added (10% orcinol in 95% ethanol). 
The mixture was heated in capped test tubes for 30 min in a boiling 
water bath, and the intensity of the green color read at 660 nm ina 
DB-G spectrophotometer. A standard curve was prepared using D-ribose 
(Calbiochem) . 

The 1 ml aliquots for the DNA determination were mixed with 2 ml 


diphenylamine reagent, (1 g diphenylamine in 100 ml of glacial acetic 
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31 
acid plus 2.75 ml H2S0,4 supplemented with 0.5 ml of aqueous acetalde- 
hyde solution, 16 mg/ml, immediately before use). The tubes, again 
capped with marbles, were kept at 30° for 16 hr. after which the 


absorbance was measured at 600 nm (Burton, 1956). 


ATP Determination 

Samples were prepared by pipeting 7 ml cell culture in glucose- 
salt medium into 0.4 ml 70% HC10,. After mixing and holding at room 
temperature for 20 min, the samples were cooled in an ice-bath for 
15 min. After centrifugation the supernatant was neutralized by 
titration with a solution 0.5 M with respect to triethanolamine and 6N 
with respect to K2C03 using a combination pH electrode (Fisher 
ScHenthhiGuGo op tds, iPhetsburghy “PAY USS SAN) “The ‘neutralizing 
solutions were added slowly and with constant mixing in order to avoid 
localized regions of alkaline pH. The pH of the neutralized sample was 
between 6.5 and 7.0. Following a 15 min storage period in ice, the 
samples were centrifuged to remove potassium perchlorate. The clear 
supernatant was stored in an ice-bath until used for the assay of ATP 
using the firefly luciferin-luciferase system essentially as described 
by Cole et al. (1967). Worthington freeze-dried firefly extract, which 
contained 20 mM magnesium sulfate and 50 mM potassium arsenate buffer 
when reconstituted, was suspended in water at a concentration of 
10 mg/ml. The suspension was allowed to stand for 10 hr at Os were 
was then centrifuged and the supernatant solution was used for the 
assay. The following aliquots were added to an acid-cleaned glass 
scintillation vial: 2 ml of a buffer solution containing 0.1 M MgSO, 
and 0.025 M glycylglycine (pH 7.5), and 10-100 uliters of the ATP 


sample; 50 uliters of firefly extract. Within 7 sec of adding and 
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mixing the firefly enzyme, the vial was introduced into the counting 
chamber of a Unilux I! Nuclear-Chicago liquid scintillation counter 
and the light flashes were counted for three successive periods of 12 
sec. The first count of 12 sec was usually high and was discarded; 
the second and thifd counts were close and were averaged. The 
scintillation counter channel was set as for tritium counting (maximal 
amplifier gain in the attenuation, upper gate 9.9v, lower gate 0.5 v), 
and the photomultiplier coincidence circuit was switched out. A 
standard curve was prepared using ATP (sodium salt, 98% pure, Sigma). 


Figure 1. 


Fluorimetry 

Altered permeability of cold-injured cells was demonstrated by the 
ability of 8-anilino-l-naphthalene sulphonic acid (ANS) to penetrate the 
cells. Aqueous solutions of ANS do not fluoresce when excited by 
ultraviolet light; in the presence of protein the dye combines with 
negatively-charged groups and the conjugate fluoresces strongly when 
excited by light of wavelength 346 millimicrons (Weber and Laurence, 
1954). When washed cells were suspended in dilute solutions of this 
dye no fluorescence was observed, indicating there were no groups on 
the surface of the cell with which the dye could combine. Treatment 
with a membrane-binding antibiotic, however, resulted in increasing 
fluorescence, presumably the alteration in cellular permeability 
allowing the dye to penetrate the cell and combine with cell protein 
(Newton, 1954). ANS has also been shown to form a fluorescent 
complex with Aerobacter aerogenes when the osmotic barrier is 
destroyed (Matthews and Sistrom, 1960; Strange and Postgate, 1964; 


Allwood and Russell, 1968). 
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Intensities of fluorescence were measured in a Turner I1!1! Fluoro- 
meter (G.K. Turner and Assoc., Palo Alto, California, U.S.A.), fitted 
with a 405 filter giving an exciting wavelength of approximately 405 
millimicrons, and a No. 2 filter giving a recording wavelength greater 
than 480 millimicrons. 

Ten ml of culture (10° cells/ml) was harvested and 4 ml of ANS 
(Eastman Kodak Co., Rochester, New York, U.S.A.) aqueous solution with 
a concentration of 5 mM was added with mixing. The suspension was 
allowed to stand at room temperature for 15 min before measurement of 


the fluorescence. 


Determination of Injury and Recovery 

The various states of the bacterial cells after cold storage were 
defined according to landolo and Drdal (1966): (i) the number of 
injured cells was determined by the difference in viable counts on a 
complex medium and the count on a selective medium; (ii) uninjured cells 
were those which grew on the selective medium after cold storage; (iii) 
the number of dead cells was the difference between the viable count on 
the complex medium before and after cold storage. Recovered cells were 
those injured cells which regained their ability to grow on the 


selective medium. 


Effects of Inhibitors on Viability and Recovery 


Inhibitors of DNA, RNA, protein, cell wall and ATP synthesis were 
incorporated into the storage and recovery menstrua so as to elucidate 
what biosynthetic process or processes were involved in the recovery 
of the ability of injured cells to grow on selective medium. The 


following antibiotics and metabolic inhibitors were used: chloramphenicol 
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35 
100 ug/ml, hydroxyurea 500 ug/ml, 2,4-dinitrophenol 80 ug/ml, oligomycin 
10 ug/ml, gramicidin 10 ug/ml, Penicillin G 100 ug/ml, D-cycloserine 
50 ug/ml (Sigma Chemical Co., St. Louis, Missouri, U.S.A.) 3; fluorouraci| 
100 ug/ml, rifamycin 10 ug/ml, rifampin 10 ug/ml, nalidixic acid 10 yg/m| 
(Calbiochem, San Diego, California, U.S.A.); sodium cyanide 100 ug/ml 
and sodium azide 500 ug/ml (Fisher Scientific Co., Fairlawn, New Jersey, 


Wis .Ac) 
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RESULTS 


|. Effect of Suboptimal Temperatures on the Growth and Viability of 
Salmonella. 

Although Salmonella spp. normally have an optimum growth temperature 
of 37°, they can survive and even eee in number at much lower 
temperatures (Matches and Liston, 1968). However, the amount of 
information in this area is very limited. The purpose of this study was 
initially to determine the pattern of growth and viability of 
Salmonella incubated at sub-optimal growth temperatures. By using the 
temperature gradient incubator, small temperature gradients and long 
incubation times were made possible. S. hetdelberg, S. typhimurtum and 
S. newport were used in the study as they are among the strains most 
frequently isolated from human sources (Morbidity and Mortality Reports, 


1965). 


A. Growth and Viability in Tryptic Soy Broth (Temperature Gradient. 
Incubator) 

The effect of temperature and pH on the growth of S. hetdelberg in 
tryptic soy broth at pH 5, 6 and 7 was followed by measuring absorbance 
at 450 nm. The results of this preliminary study are shown in Figs. 2, 
3 and 4. At any particular pH level it can be seen that the higher the 
incubation temperature, the faster was the rate of growth and in most 
cases, the higher was the population density. The most noticeable 
difference between pH ievel is seen in the maximum population density. 
At pH 7 the absorbance always exceeded 1.0 when growth occurred, but at 


pH 6 the maximum absorbance was 1.0 or less, and at pH 5 the maximum 
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absorbance did not exceed 0.8 units. 

The minimum temperature at which growth could be initiated was 
6° at pH 6 and 7 and 14° at pH 5S. 

The results on the viability of S. hetdelberg grown at pH 5, 6 and 
7 are shown in Figs. 5, 6 and 7. In accordance with the results on 
absorbance, the highest number of viable cells was found at pH 7. The 
growth rate increased with increasing temperature at pH 5, 6 and 7. 

A most interesting observation is the loss of viability at pH 5 and 

pH 7. In both cases the loss of viability was most rapid at the higher 
incubation temperatures. This is most apparent in Fig. 7 where it can 
be seen that the loss of viability is more rapid with increasing 
incubation temperature. In contrast the viability of cultures grown at 
pH 6 was maintained at almost the maximum level until the end of the 
experiment, even at the higher incubation temperature. 

The final pH of the broth cultures was determined to see if 
different incubation temperatures had an effect on the gross metabolism 
of the cultures. The results are presented in Table 1. In most cases 
where growth occurred at pH 7 the final pH of the culture was more 
alkaline than the initial pH. In contrast the final pH of cultures 
grown at pH 5 and 6 were more acidic than the initial pH. 

The behavior of S.typhtmurtum and S. newport exposed to the same 
experimental conditions were very similar to those of S. hetdelberg 


(Figs. 8-19 and Tables 2 and 3). 


B. Growth and Viability in Glucose-Salt Broth (Temperature Gradient 


Incubator) 


This experiment was undertaken to compare the growth response ina 


simple medium, glucose-salt broth (GSB) with growth in the complex 
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Effect of temperature on the growth and viability of 


Salmonella heidelberg in tryptic soy broth at pH 5. 
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FIG. 6. Effect of temperature on the growth and viability of 


Salmonella heitdelberg in tryptic soy broth at pH 6 
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TABLE 1. Final pH of cultures of Salmonella heitdelberg after growth at 
different temperatures in tryptic soy broth, pH 5, 6 and 7. 


Final pH after growth at an initial pH of 


Temperature 5 6 7 
0 5.0 6.0 heO 
2 530 6.0 p<O 
4 5.0 6.0 ra) 
6 5.0 SES) 6.0 
9 a 4.9 6.3 

1] oe 5.0 6.7 
14 4.9. bal 7.0 
16 4.7 Bae ¥s5 
19 4.7 5a2 8.2 
2) 4.6 535 8.1 
23 4.6 5.3 8.4 
25 4.6 573 8.6 
28 Weds a5 857. 
30 45 573 8.8 


a ae 
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Salmonella typhimurium in tryptic soy broth at pH 5. 
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FIG. 15. Effect of temperature on the growth and viability of 


Salmonella typhimurtum in tryptic soy broth at pH 6. 
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FIG. 17. Effect of temperature on the growth and viability of Salmonella 
newport in tryptic soy broth at pH 5. 
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FIG. 18. Effect of temperature on the growth and viability of Salmonella 
newport in tryptic soy broth at pH 6 
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TABLE 2. Final pH of cultures of Salmonella typhtmurtum after growth at 
different temperatures in tryptic soy broth, pH 5, 6 and 7. 


Final pH after growth at an initial pH of 


Temperature | 5 6 7 
0 5.0 6.0 720 
2 50 6.0 700 
4 50 6.0 Fa’) 
6 5.0 Sy 6.1 
9 5.0 5.2 6.3 

1] BO Srl 6.7 
14 4.9 53 6.9 
16 4.8 5.4 7.6 
19 4.7 55 8.1 
21 4.6 5.4 6.3 
2B 4.6 5.4 8.4 
25 4.6 525 Ned. 
28 4.6 5.4 SA 
30 ALS 5.4 8.7 
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TABLE 3. Final pH of cultures of Salmonella newport after growth at 
different temperatures in tryptic soy broth, pH 5, 6 and 7. 


Final pH after growth at an initial pH of 


Temperature 5 6 i 
0 5.0 6.0 Tee 
Zz 50 6.0 120 
hk ned. 6.0 730 
6 5.0 nb! 6.0 
=] 5.0 4.7 6.7 

1] 57.0 4.9 7.0 
14 4.8 4.9 iS 
16 4.6 5.0 8.0 
19 4S Sal She 
21 45 5.2 Sis 
23 4k 5.2 8.4 
25 wes 53 8.6 
28 4k Se) S27. 
30 44 5.3 8.8 


n.d. - not done. 


wes } pitas hd nd ae a Re Ee ea Wie od we 


¢ : 
ee “ail eS “e) a y _ 
; a -- Pore eee, Brie) oh) 23° guia Sia Bs 
. 5 an Ae h 
7 ix f 
‘ 3 Ht + + 
5 seater (set ate caine ite 
i ia ~ Y . 
é ward. 1X3 j bea " 
2% on 
"7 a oe nl ta ay age o 
= 
: 4 : nhs 
- en eet wi —- Pe magma + Gs 5 > ig: nm he 
4 / 
re cae : 
weg 
>" 
= ie C 
| > = - 
ef 
. a 
f Ld 
a) ' 
} 2 


: “ 
; ¢ ' 
' by os 
ss “ ; 
, gee ; 


™ a as ee 
x ale 
rau } 
: ; Aa F : 
7 : ‘ 


> 


‘ a on — — re atc a tei haat ee ia 
‘ 
> 
x ‘ 
* 
y 
~ if 
4 
" a 
<a 
A 
; 
: ‘ 
4 t 
. 
5 
. 
y 1 
4 
\ 
oe 
; 2 
7 S 
: 
7 4 
f o 
q = 4 7 


59 


medium, tryptic soy broth (TSB). In view of the similar results for all 
three cultures in the previous experiment only S. hetdelberg was used. 
Glucose-salt broth gave much slower and less total growth than 
tryptic soy broth at all temperatures and all levels of pH. The 
results for absorbance (Figs. 26, 21 and 22), viable counts (Figs. 23, 
24 and 25) and final pH (Table 4) all indicated that the minimal 
temperatures at which growth occurred in GSB at pH 5, 6 and 7 were 11°, 
9° and 9° respectively. The cultures grown at pH 5 and 6 died off 
rapidly in the stationary phase at temperatures above 21° (Figs. 23 and 
24) and the final pH of the cultures were around 4.2 and 4.6 respect- 
ively (Table 4). On the other hand, cultures grown at pH 7 survived 
equally well both at high and low temperatures of incubation (Fig. 25) 


resulting in a final pH around neutrality (Table 4). 


ll. Effect of Suboptimal Temperatures on Growth Rate, ATP Synthesis and 

Cell Yield of Salmonella hetdelberg. 

Frank et al. (1972) studied several properties of psychrophilic 
pseudomonads grown in batch culture in nutrient broth at 2 and 30°. 
No differences was observed in the size, catalase activity, deoxy- 
ribonucleic acids, ribonucleic acid or protein content of cells grown 
at either temperature. Investigation in this Department also found that 
there was no significant difference in the macromolecular composition 
of S. typhimurium grown at 10 and 37° (Hsu, 1972). On the other hand, 
there is a dearth of information on the effect of temperature on ATP 
synthesis and cell yield. 

S. heidelberg was used in the study and the culture medium was 


glucose-salt broth (GSB). An exponentially growing culture at 37° was 
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FIG. 23. Effect of temperature on the growth and viability of 
Salmonella hetdelberg in glucose-salt broth at pH 5. 


63 


= | Are GN : Lhe te | jis 
i _ 1 y 
; it 
, ea = 
a’ \ ? Vy are 4 
‘e a " fo! 164 
oi Ay ve 
i i 
, f 
‘ : 
; 1 
b a 
1 
i my i 
its, AG et 
, ; 
) : : 7 vis : e : “om 
gs oe we) ee) ion 
ba | j : im Date , : i aa 
: ‘ ek ieee a i 0 Poe 7 rp 
is f Ai yt 


P nia he vtemerteend A ineehaleh weep om 
AP Brn al Radin SSS 
‘ey > ali 1 eee a gales ae rest ie er r 


u v Poe as \ 
Ror ae Als 


es Ve Gari (Gale Yale ig et9 
eo Meas pol Pler-eeew lp n 


a i 5 » 2 : : 4 i Mi 


¢ 4, 
¥ As ta 
PD" SSB el f 


ot ¥ 


LOG COLONY COUNT /ml 


7 


a ee 


227 N25 23° ae 


30° 


10 | is 
TIME (days) 


Effect of temperature on the growth and viability of 
Salmonella hetdelberg in glucose-salt broth at pH 6. 
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FIG. 25. Effect of temperature on the growth and viability of 
Salmonella hetdelberg in glucose-salt broth at pH 7. 
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TABLE 4. Final pH of cultures of Salmonella hetdelberg after growth at 
different temperatures in glucose-salt broth, pH 5, 6 and 7. 
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inoculated into GSB pre-tempered at the test temperature. Growth was 
immediate and exponential at 18° and at higher temperatures (Figs. 26, 
27 and 28) but at 15° or lower temperatures growth was preceded by a 
lag period (Figs. 28 and 29). The lag period at 15, 9. and 7° could be 
as long as 2, 8 and 12 hr respectively. The pattern of ATP synthesis 
was very similar to that of growth (Figs. 26, 27, 28 and 29). 
Immediately upon temperature shift to 15° or lower, there was a sharp 
decrease in ATP synthesis in the lag phase. However, synthesis was 
resumed just before the initiation of growth. Even at 7 and 9°, 
temperatures close to the minimal growth temperature of the organism, 
appreciable mounts of ATP were synthesized corresponding very closely 
to the growth rate. At 7°, only trace amounts of ATP were excreted from 
the cells into the medium (Fig. 29). Since in this growth medium, GSB, 
growth was limited by the energy source, there was a drop in ATP 
content when the culture entered the stationary phase of growth. The 
rapidity of the drop in ATP content was affected by the growth 
temperature. The higher the growth temperature, the more rapid was the 
decrease in ATP content at the stationary phase. 

The change in generation time with growth temperature in GSB is 
presented in Fig. 30. The generation time of S. hetdelberg at 37° was 
60 min and this time increased progressively with decreasing temperature 
until at 18° it was 196 min. At temperatures lower than 18°, the 
generation time increased rapidly. The generation time at 15, 9 and 7° 
were 342, 1320 and 1980 min respectively. A typical relationship 
between growth rate and incubation temperature, plotted according to 
Arrhenius is shown in Fig. 31. As the growth temperature is decreased 


from 37 to 18°, the growth rate decreases progressively and shows a 
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Effect of temperature on growth and ATP production of 
Salmonella hetdelberg in glucose-salt broth. 
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coefficient of Salmonella heidelberg in glucose-salt broth. 
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linear relationship between the logarithm of growth rate and the 
reciprocal of the absolute temperature. At about 15°, the curve 
deviates from linear. The linearity of the curve is further distorted 
at 9 and 7° with greatly lowered specific growth rates. The deviation 
from linearity in low temperature growth is reflected in decreased cel] 
yield (Fig. 31). Cell yield was relatively constant from 37 to 18° 
below which the yield was no longer independent of growth rate and 
began to fall off precipitously. 

Growth of the organism did not occur at 5° in glucose-salt broth 
(Fig. 32). Instead the culture showed progressive loss of the ability 
to form colonies. The loss of viability was much more apparent when 
the culture was plated on desoxycholate agar and MacConkey agar than 
on tryptic soy agar + 0.5% yeast extract (TSYA), glucose-salt agar and 
brilliant green agar. The difference in counts on these media, 
although negligible at the start, becomes progressively greater with 
time. This increased sensitivity to certain selective media is a well- 
known phenomenon of cellular injury and has been observed as a result 
of heating, freezing, freeze-drying, irradiation and chemical treat- 
ments. Since there is little information on the effects of non-freezing 
temperatures below the minimal growth temperature on microbial activity 
(Jackson, 1974), further experiments were carried out using S. hetdel- 


berg grown in glucose-salt broth or tryptic soy broth. 


111. Cold Injury and Recovery of Salmonella hetdelberg 


A. GSB Grown Culture, Cold Stored in GSB 


When exponential growing S. hetdelberg in GSB was inoculated into 


fresh media pre-tempered at 0, 3, 5 and 6°, there was no growth from 
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0 4 8 12 16 20 24 28 32 
TIME (days) 


Viability of Salmonella hetdelberg in glucose-salt broth at 5°; 
inoculum grown in GSB at 37°. 


Plating media: 9, tryptic soy agar + 0.5% yeast extract; 
+, glucose-salt agar; A, brilliant green agar; 
o, desoxycholate agar; x, MacConkey agar. 
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0-5° and only limited growth at 6° during the 10 days' incubation as 
indicated by the counts on TSY agar (Fig. 33). The gradual decline in 
counts on TSY agar at 0° indicates that some of the cells died. As 

the storage temperature increased from 0°, death became less and less 
obvious. Although there was no drastic death of cells during storage, 
counts on the selective medium, desoxycholate agar decreased after 2 
days' storage and/ became pronounced after 10 days' storage at 0, 3 

and 5° Peswitimanin a difference of 2, 1.3 and 0.9 log cycles between 
counts on the two media. Cultures stored at 6° also showed slight 
sensitivity to desoxycholate agar after 7 days of storage.. The decrease 
in counts on desoxycholate agar compared to TSY agar was interpreted 

as loss of tolerance to the selective agar as a result of cell injury 
but not death, because the injured cells could actually recover from 
their sensitivity to desoxycholate agar in the absence of growth when 
incubated at 25° (Fig. 34). {tt can be seen that the cold-stored cells 
exhibit a lag of 2.5 hr in GSB at 25° when enumerated on TSY agar. 
During this lag phase, the cells completely recover their tolerance to 
the desoxycholate agar or MacConkey agar. Both the shape of the 
recovery curve and the absence of an increase in the counts on TSY agar 
during the lag or recovery period indicate that this is a recovery rather 
than a growth process. The minimal glucose-salt agar gave similar 
numbers of viable cells as TSY agar indicating that there was no 
increase in nutritional requirement of the cold-stored cells. This is 
further erase by the fact that the injured cells had 
essentially the same rate of recovery in the complex rich medium, TSB 
and the minimal growth medium, GSB (Fig. 35). 


To understand the mechanism involved during the recovery process, 
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temperature; inoculum grown in GSB at 37°. 
Tempetatute.ot incubation:..0,0 3 A, 375.0; Sis We 6: . 


Plating media: 


, tryptic soy agar + 0.5% yeast extract; 
OS » desoxycholate agar. 


Viability of Salmonella hetdelberg in glucose-salt broth at low 


ae 

i { ha bon ; 

F ; at ait f aki : oH mi Ps Le an i 
‘ i 1" ; 


ree Ley | 
ee Aavedowpinth fax 2% Rela orm reins ‘ 


Sige wae i 
: a" ini: asa ; Lasagne , ot ’ 
Aieligeainiecnn® i ft } y x 
, _—" ue vi ae pa oer 
Wel aie 
bid opener, 
one? eae i 
pcan oe We 
‘ ‘ > 
(ath i 7 &, ee Se ial 
omen ‘ee Se 1 
. ee 
i i Lf 
ao y 1 
- ie 
‘ 
Pn } 
é ar’ 
{ 
Wy 
= gl 
by * 
va Let « 
ty = F 
i i ‘ 
* — j ! 
¥ 
% a 
4 
: é 
' ' 
; a 
1 : , t 
tA ao r 
at : A! 
- ' 
‘wr et 4 
§ 
7 te 
oe i ‘ t 
v 1 } x 
a 
‘ 
s 
¥ 1 
i 
y r 
rt 
t ‘, arr 
, pope 
' ’ i iat Hy 
a f (} 4 
rn Mi ; : 
; ‘ hy, , 
} to ; ‘i : Ta eh 
pmb enh ba oe ae aka _— aL eerie wate tah) Ve oreiry am qr enoptnanatie manna Colvarmis = 


F ie ie .7 ee | i ; 
¥ .! a ; ¥ 7 ' . 
ets a Se eae 
i ty ep ee ae ay - it i On 
Bie (4 eee A RAT Tire ariel 
ho a re Se 
bf t u x ix a ‘ mi . j 
‘ Ne Wy ; 
\ 
i ft Vv 7 
1 " i F i Pu j 
; i +, ae 
wat a3 NO when ae Baa, ie | 
U } — . i ire 4 
vis | nd Siva CPt ose Fly ty Bal Da pet waar ; : che enh ia r An dah RE ats hs 
, . i; ' as a mek ri ¥ : 
} ey A ee ‘S, ABS pep SENT Caeecet ; , fe Mt @ DaeQine 3 5 “an ee Ly 
a < oie l i nt 7 iW | i (Tes me a ae ety cringe? 
a ’ k H ; by ; ay i : 
“fabissa° tee int” semen eds 4G Payee “ A hatin at sche OA: 
& u 3 . : 
ipnie, £ ae : 
5 
. 2 a 
vy 1 : 
- 
Ph |! ) 
si + a x 7 
+ wie 
sd i 
‘ bi : 
, 
4 Pg ' mn : P, F) mx 
, P 7 : im : 7 
F . ; » a) j “ i 4 Ey’ ‘ 
be ei Vo 


LOG COLONY COUNT /ml 


FIG. 34, 


78 


@—0—0—8—— — 
—o—— 
sate Gey, ae 
a Fee 
Nee 
6 
q 
+ 
8) 
0) ] 2 3 4 5 6 7 8 


TIME (hours) 


Recovery and growth of Salmonella hetdelberg in glucose-salt 
broth at 25°; organism grown in GSB at 37° and cold~injured for 
4 days in GSB-at: 2°. 


Plating media: 0, tryptic soy agar + 0.5% yeast extract; 
A, glucose-salt agar;0 , desoxycholate agar; 
+, MacConkey agar. 
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Recovery of Salmonella hetdelberg in glucose-salt broth and 


tryptic soy broth at 20°; organism grown in GSB at 37° and cold- 
injured for 4 days in GSB at 2°. 


Recovery menstrua: o, GSB; A, TSB. 


Plating media: 


, tryptic soy agar + 0.5% yeast extract; 
qa » desoxycholate agar. 
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various metabolic inhibitors were added to the recovery medium, GSB. 
Inhibitors employed were chloramphenicol, rifamycin, hydroxyurea, 
penicillin and 2,4-dinitrophenol, dissolved in GSB and then cooled to 
0-2°. Portions of cold-injured cell culture were then added and the 
whole was incubated at 20°. To assess recovery, the number of colonies 
on desoxycholate agar at 0 and 2 hr were compared to the number of 
colonies on TSY agar. After 2 hr of incubation at 20°, the injured 
cells recovered their ability to grow on desoxycholate agar in the 
presence of all the inhibitors tested (Fig. 36). The level of cellular 
protein, RNA, DNA and ATP was also determined during recovery at 25° 
CRigk 3/7) PA‘ great Brien of the injured cells had recovered their 
tolerance to desoxycholate agar within 40 min during which practically 
no increase in the levels of cellular protein, RNA and DNA was detected, 
whereas ATP levels increased rapidly. 

The fact that injured cells can recover in the absence of protein, 
RNA, DNA and cell wall synthesis and do not show increased nutritional 
requirement indicates that the recovery process may be a simple process 
in which the endogenous reserve of the cells might play an important 
role. This was studied by suspending injured cells in phosphate 
buffer (0.063M, pH 7.2) and recovery was followed at 20°. As shown in 
Fig. 38, phosphate was able to support recovery. To further substant- 
iate that the recovery process is a simple process without complex 
metabolic synthesis other inhibitors (hydroxyurea, penicillin, sodium 
cyanide, chloramphenicol or fluorouracil) were added to the simple 
recovery menstruum, phosphate buffer and the recovery process at 20° was 
followed for 2 hr (Fig. 39 and 40). The rate of recovery in the 


presence of all the inhibitors was very similar to that in phosphate 
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Recovery of Salmonella hetdelberg in glucose-salt broth plus 
different metabolic inhibitors at 20°; organism grown in GSB 

at 37° and cold-injured for 4 days in GSB at 2°. Inhibitors 
used were chloramphenicol (CHP), rifamycin (RIF), hydroxyurea 
(HU), penicillin (PEN) and 2,4-dinitrophenol (DNP). To indicate 
repair, the numbers on desoxycholate agar (DA) at 0 and 2 hr 

are presented and compared to that on tryptic soy agar + 0.5% 
yeast extract (TSYA). 
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Cellular level of ATP, protein, RNA and DNA of Salmonella 
hetdelberg during recovery in glucose-salt broth at 25°; 
organism grown in GSB at 37° and cold-injured for 4 days in 
GSB at 2°. 


Plating media: e, tryptic soy agar + 0.5% yeast extract; 
o, desoxycholate agar. 


Cellular composition: A, ATP; O, protein; x, RNA; +, DNA. 
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Recovery of Salmonella hetdelberg in glucose-salt broth and 
phosphate buffer at 20°; organism grown in GSB at 37° and cold- 
injured for 4 days in GSB at 2°. 


Recovery menstrua: o, GSB; A, phosphate buffer. 


Plating media: , tryptic soy agar + 0.5% yeast extract; 
--==- , desoxycholate agar. 
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FIG. 39. Recovery of Salmonella hetdelberg in phosphate buffer (P) plus 
hydroxyurea, penicillin or sodium cyanide at 20°; organism 
grown in GSB at 37° and cold-injured for 4 days in GSB at 2°. 


Recovery menstrua: o, P; A, P + hydroxyurea;O, P + sodium 
evyanides*+, *P t+ penicillin. 


Plating media: , tryptic soy broth + 0.5% yeast extract; 


wenn , desoxycholate agar. 
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Recovery of Salmonella heidelberg in phosphate buffer (P) plus 
chloramphenicol or fluorouracil at 20°; organism grown in GSB 
at 37° and cold-injured for 4 days in GSB at 2°. 


Recovery menstrua: o, P; A, P + chloramphenicol; a, P + 
fluorouracil. 


Plating media: , tryptic soy agar + 0.5% yeast extract; 


----- , desoxycholate agar. 
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buffer alone and recovery was complete within 1.5 hr. 

Further information on the behavior of cultures during storage in 
GSB at 2° was found with the abservation that the addition of 2,4-di- 
nitrophenol to the storage medium greatly protected the cells from 
increased sensitivity to desoxycholate agar (Fig. 41). After 4 days! 
storage, the viable counts, with and without 2,4-dinitrophenol, were 
1.2 x 10° cells/ml and 7 x 10° cells/ml respectively. When sodium 
azide was added instead, the tolerance of the cells toward desoxycholate 
was protected. However, sodium azide also increased the mortality rate 
of the cells as indicated by a drop of 0.4 log cycle of counts on TSY 
agar. 

2,4-dinitrophenol whether added a few minutes before or after the 
temperature shift to 2° protected the cells against leakage of cellular 
ATP during storage (Fig. 42). In its absence, the initial rate of ATP 
leakage was rapid and reached maximum at about 2 days' storage. The RNA 
and DNA content of the cultures during storage is shown in Fig. 43. 

The pattern of RNA and DNA degradation of the cells did not differ much 
whether stored in the presence or absence of Daladunteconhenolk although 
the RNA level of the cells preincubated with the inhibitor for a few 
min before transfer to 2° was comparatively lower. It appears that RNA 
and DNA degradation bear no direct relationship to desoxycholate 
sensitivity of the injured cells. 

During cold storage, a considerable amount of 260 nm absorbing 
material appeared in the storage medium (Fig. 44). Neither cell lysis 
nor death occurred as indicated by the absorbance of culture (Fig. 44) 
and counts on TSY agar (Fig. 41). In order ED discover whether the cel] 


membrane was damaged during cold storage, the ability of the dye, ANS to 
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1 2 2 4 
TIME (days) | 


Viability of Salmonella hetdelberg in glucose-salt broth with 
or without inhibitors of ATP synthesis at 2°; inoculum grown 
iin sGSORat as). 


Storage menstrua: o, GSB; A, GSB + 2,4-dinitrophenol; a, GSB + 
sodium azide. 


Plating media: , tryptic soy agar + 0.5% yeast extract; 
----- , desoxycholate agar. 
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penetrate the cells was determined (Fig. 45). After storage, ANS was 
able to enter into the injured cells and they fluoresced strongly 
compared to the normal cells. When the injured culture was incubated 
at 37°, it recovered its impermeability to ANS. 

Previous experiments showed that S. hetdelberg was rendered 
sensitive to desoxycholate agar with reference to TSY agar during cold 
storage. Another phenomenon was observed when S. hetdelberg was 
inoculated into fresh GSB pre-tempered at 5°, no matter whether the 
inoculum was obtained directly from the growth vessel at 37° or by 
harvesting the culture at 18° and then resuspending in small portions 
of GSB at room temperature. Immediately upon transferring the culture 
to 5°, the viable count on the rich medium, TSY agar, was considerably 
less (2.5 log cycles) than the count on the minimal glucose-salt agar 
(Fig. 46). On further incubation at 5°, the culture gradually recovered 
from its sensitivity to TSY agar. The recovery process was almost 
complete after 8 hr at 5° and after 2 hr at 20°. On the other hand, the 
count on desoxycholate agar was not significantly different from that 
on glucose-salt agar during the 8 hr incubation at 5° (data not shown). 
The failure of S. hetdelberg to grow on TSY agar upon chilling is 
analogous to the well documented phenomenon of 'cold shock! (Rose, 
1968), but it would be more appropriate to interpret the present 
observation as damage rather than death of the cells as the organisms 
can actually recover the ability to grow on TSY agar even at Bae 

The fact that the recovery of S. hetdelberg from its sensitivity 
to TSY agar can occur at 5° indicates that certain metabolic activities 
can proceed at such a low temperature and contribute to the recovery 


process. As some activities continue at these temperatures and others 
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INJURED RECOVERED NORMAL 


The ability of ANS to penetrate cold-injured and recovered 
cells of Salmonella hetdelberg. Culture A was injured in 
glucose-salt broth for 4 days at 2° and recovered for 29 min 
at 37°; culture B was similarly injured for 10 days and 
recovered for 1 hr; culture C was normal cells without cold 
storage. 
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Loss of the ability of Salmonella hetdelberg to grow on tryptic 
soy agar + 0.5% yeast extract upon transfer from 37 to 5° and 
its recovery in glucose-salt broth at 5 and 20°; inoculum grown 
in GSB at 37°. | 


Plating media: » giucose-salt agar; =---- , tryptic soy 


agar + 0.5% yeast extract. 
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do not, it was considered to be of interest to find out which activities 
were involved in the recovery of S. hetdelberg from its sensitivity to 
TSY agar. This was studied by incorporating metabolic inhibitors into 
GSB and following recovery at 5° (Fig. 47, 48, and 49). Of the 
inhibitors tested, chloramphenicol, hydroxyurea, penicillin and 2,4- 
dinitrophenol did not show a signiflcant amount of inhibition 

either on the rate or total amount of recovery in GSB during the 8 hr 
incubation at 5°. However, both rifamycin and rifampin inhibited the 
aoe process completely. Both inhibitors stop RNA synthesis by 
irreversibly binding to DNA-dependent RNA polymerase. Rifampin also 


produced some cell death during the recovery period (Fig. 49). 


B. TSB Grown Culture, Cold Stored in TSB 

Exponential cultures of S. hetdelberg grown in TSB at 37° were 
transferred to fresh medium pre-tempered at 5, 6 and 8°. Viability was 
determined by plating out the cultures at regular intervals on TSY agar 
and desoxycholate agar. The results are shown in Fig. 50. It can be 
seen that the loss of viability was greater on desoxycholate agar than 
on TSY agar at 5 and 6°. The difference in counts on the two media, 
although negligible at the start, became progressively greater with 
time. Cultures incubated at 8° gave similar counts on both media and 
growth was demonstrated at this temperature. Some growth also occurred 
at 6°. At 5°, the culture was injured more rapidly and to a greater 
extent than that at 6°. 

The effect of temperature on recovery was studied by suspending 
the injured cells in TSB pre-tempered at 5 to 35° (Fig. 51). The data 
show that the recovery process is temperature dependent. The higher 


the temperature, the faster is the rate of recovery. The recovery at 
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FIG. 47. Recovery of the ability of Salmonella hetdelberg to grow on 
tryptic soy agar + 0.5% yeast extract in glucose-salt broth plus 
chloramphenicol or hydroxyurea at 5°; organism grown in GSB 
at 37° and cold-shocked at 5°. 


Recovery menstrua: 0, GSB; A, GSB + chloramphenicol; +, GSB + 
hydroxyurea. 


Plating media: sagQuucose;sal teagar 3. ----- , tryptic soy 


agar + 0.5% yeast extract. 
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FIG. 48. Recovery of the ability of Salmonella hetdelberg to grow on 


tryptic soy agar + 0.5% yeast extract in glucose-salt broth 
plus penicillin or 2,4-dinitrophenol at 5°; organism grown in 
GSB at 37° and cold-shocked at 5°. 


Recovery menstrua: 0, GSB; A, GSB + pentelitins o., GSB + 
2,4-dinitrophenol. 


pgiucose-Ssalt agaiwge=- = — , tryptic soy 


Plating media: 
agar + 0.5% yeast extract. 
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Recovery of the ability of Salmonella hetdelberg to grow on 
tryptic soy agar + 0.5% yeast extract in glucose-salt broth 
plus rifamycin and rifampin at 5°; organism grown in GSB at 
37° and cold-shocked at 5°. 


Recovery menstrua: 0, GSB; A, GSB + rifamycin; 9, GSB + 
rifampin. 


,eglucose=sqlt agar 5a -zs-— sethYDEIGusoy 
agar + 0.5% yeast extract. 
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Growth and viability of Salmonella hetdelberg in tryptic soy 

broth at 5, 6 and 8°; inoculum grown in tryptic soy broth at 

375. 

Plating media: , tryptic soy agar + 0.5% yeast extract; 
----- , desoxycholate agar. 
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100 
25 and 35° was very rapid while that at 15° was much slower. There was 
no recovery at 5° even after 14 hr incubation. 

Recovery was also evaluated at 7 pH levels from 4 to 10. The 
increase in numbers of colonies on desoxycholate agar, indicating the 
rate and extent of recovery, was rapid and essentially the same at pH 
6, 7 and 8, but much less at pH 5 and 9 (Figs. 52 and 53). Numbers 
observed on TSY agar indicating death dropped gradually at pH 5 and 9. 
There was no recovery at pH 4 and 10 but rather rapid death was 
observed (data not shown). 

The effect of metabolic inhibitors on the recovery process is 
shown in Figs. 54-57. None of the following inhibitors affected the 
recovery significantly: chloramphenicol, nalidixic acid, rifampin, 
sodium azide, gramicidin, 2,4-dinitrophenol, penicillin and cycloserine. 
The recovery was essentially complete at 2 hr incubation in TSB at 20°. 
The ability of injured cells to recover in simple recovery menstrua was 
then tested with glucose-salt broth, phosphate buffer (0.063M, pH 7.2) 
and distilled water at 20° (Fig. 58). Recovery in phosphate buffer 
was almost equally efficient as in glucose-salt broth. Distilled water 
also permitted significant amount of recovery. 

So far, it has been demonstrated that injury of S. hetdelberg 
occurred at refrigeration temperatures. As some microbial activities 
can continue at these temperatures and others cannot, it was again 
decided to determine the effect of specific metabolic inactivation on 
cell injury and death. This experiment was conducted with S. hetdelberg 
grown in TSB at 37° and transferred to fresh medium plus one of the 
following inhibitors pre-tempered at 2°: 2,4-dinitrophenol, rifampin, 


hydroxyurea, penicillin, sodium azide, oligomycin, chloramphenicol and 
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FIG. 52. Recovery of Salmonella hetdelberg in tryptic soy broth of pH 5 
and 6 at 20°; organism grown in TSB at 37° and cold-injured 
for -4 days.in SB ati2>; 


pHAOL SD ROth ily, .55%0% 6. 


Plating media: , tryptic soy agar + 0.5% yeast extract; 
ISS , desoxycholate agar. 
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FIG. 53. Recovery of Salmonella hetdelberg in tryptic soy broth of 


pH 7, 8 and 9 at 20°; organism grown in TSB at 37° and cold- 
injured for 4 days in TSB at 2°. 
DHiOt broth: oO, 975 cl,) Osmo. 


Plating media: , tryptic soy agar + 0.5% yeast extract; 
Sea , desoxycholate agar. 
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FIG. 54. Recovery of Salmonella hetdelberg in tryptic soy broth plus 
chloramphenicol or nalidixic acid at 20°; organism grown in 
TSB at 37° and cold-injured for 5 days in TSB at 2°. 


Recovery menstrua: 0, TSB; A, TSB + chloramphenicol; a, TSB + 
nalidixic acid. 


Plating media: , tryptic soy agar + 0.5% yeast extract; 
-ee-- ,» desoxycholate agar. 
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FIG. 55. Recovery of Salmonella hetdelberg in tryptic soy broth plus 
rifampin or sodium azide at 20°; organism grown in TSB at 
37° and cold-injured for 5 days in TSB at 2°. 


Recovery menstrua: o, TSB; A, TSB + rifampin;a, TSB + sodium 
azide. 


, tryptic soy agar + 0.5% yeast extract; 
=_——=— ,» desoxycholate agar. 


Plating media: 
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Recovery of Salmonella hetdelberg in tryptic soy broth plus 
cycloserine or gramicidin at 20°; organism grown in TSB at 
37° and cold-injured for 5 days in TSB at 2°. 


Recovery menstrua: o, TSB; A, TSB + cycloserine; a, TSB + 
gramicidin. 


, tryptic soy agar + 0.5% yeast extract; 
moe ena ,» desoxycholate agar. 


Plating media: 
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FIG. 57. Recovery of Salmonella hetdelberg in tryptic soy broth plus 


penicillin or 2,4-dinitrophenol at 20°; organism grown in TSB 
at 37° and cold-injured for 5 days in TSB at 2°. 


Recovery menstrua: o, TSB; A, TSB +-penicillin;,g, TSB + 


Plating media: 


2,4-dinitrophenol. 


, tryptic soy agar + 0.5% yeast extract; 
» desoxycholate agar. 
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Recovery of Salmonella hetdelberg in glucose-salt broth, 
phosphate buffer or distilled water at 20°; organism grown 
in TSB at 37° and cold-injured for 4 days, in TSB at 2°. 


Recovery menstrua: 0, glucose-salt broth; A, phosphate buffer; 
o, distilled water. 


Plating media: , tryptic*soy agar+)0.54syeast extract; 
<----- , desoxycholate agar. 
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fluorouracil. Fig. 59 shows that 2,4-dinitrophenol protects the cells 
both from injury and death compared with the control, TS8. Rifampin, on 
the other hand, increased both cell injury and death. Cell injury and 
death occurred much more drastically in the presence of penicillin 
(Fig. 60), while cultures containing hydroxyurea were very similar to 
the control. Oligomycin also gave similar results to the control, but 
sodium azide induced cell death (Fig. 61). The effect of chloramphen- 
icol and fluorouracil was not significantly different from the 

control (Fig. 62). During cold storage, the inhibitors had been given 
ample of time to enter into the cells. Ail of the inhibitors with the 
exception of 2,4-dinitrophenol rendered the cells sensitive to 
desoxycholate agar. The recovery from such sensitivity was tested in 
the presence of residual inhibitors by transferring each of the 
cultures to a shaking water bath at 37° after 7 days of cold storage. 
Samples were taken from the recovery flasks at intervals and plated on 
TSY agar and desoxycholate agar. The results (Figs. 63 and 64) show 
that all cultures recovered from injury in the presence of the 


residual inhibitors tested. 


C. TSB Grown Culture, Cold Stored in Distilled Water 

The effect of cold storage in distilled water on S. hetdelberg was 
also examined. The culture grown in TSB to exponential phase at 37° 
was harvested and washed twice with distilled water at 0-5° and finally 
stored in distilled water at 2°. After 4 days' storage, injured cells 
had developed and aliquots were then inoculated into tubes of TSB 
containing inhibitors pre-tempered at 0-5°. After the first sampling, 
the culture was then incubated in a water bath at 20° and subsequent 


recovery was followed. The result in Fig. 65 shows that chloramphenicol, 
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Viability of Salmonella heitdelberg in tryptic soy broth plus 

2,4-dinitrophenol or rifampin at 2°; inoculum grown in TSB at 

31 

Storage menstrua: oO, ©SB; A, TSB + 2,4-dinitrophenol; oO, TSB + 
rifampin. 


, tryptic soy agar + 0.5% yeast extract; 
i , desoxycholate agar. 


Plating media: 


\ Ot: ; 
on \ 
rar } 7S No 
Lie i 
} | Wt ins i 
¥ im, e F 
| 4 eet \ 
Bi 7 Ms, 
; aig vk onan 
j : Oi, tea ae 
j 4 
r ne oP nd og thier: Soe 
; a ‘ ole 
wre se Mi =-alpeipline A bli 
; ; agent nm 
; ‘aod ny 
oe a 
~~ re ‘ *) 
ela ay uP Maar: 
erg vane" 
reel mae 
Lae ae 
Hie me ae" | 
cy ae 
\—e sean ‘ 7 { 
1 i mt 
cS - iti f a 
goa | ae | Dene: 
‘ | ; 
' a i entific nae Malin Ve eee i 
a lt a (aera) og h: Chee A 
a ial a eRe a 
us: ( Gepnd. it, 
a : ; * i 
4 Y 
DS) ake 
=e * x { 0 i - 
ire v Sa sty aa \ a ms ay / ats ' r A thal | 
1h ae Tes ae ; ; ae Se 
Se eal : i a +2 \ 3 
ee Qi Me Woe PPOs aT ree wy hd te ani Wee, b Wo: f 140i 
oh Bah ih Bi il eis terol Ons Ls ie rrr ety) a 4 har shhoys wi ee : 7 
wm i. i? POF ; wes. 7. nh 
7 aer ,0 a eait ae nbd Ae Dat | ant c's hh vie “ain pants 
ai az a oe tae, ie Ue 
: Dee + PALOINET rt a 2 


eee Ale ae 


ame Re heway Te. 0 ie Woz 


. f= lia aati Hehe 


os 
ee ar tae 


} 
i Fae i , vig Ms 
ra D 
* 
" 
i 
i 
, 
i 
f - 
tA. ty 
Te 
; : 


110 


LOG COLONY COUNT /nml 
OQ 


6) 1 2 3 4 5 
TIME (days) 


FIG. 60. Viability of Salmonella hetdelberg in tryptic soy broth plus 
hydroxyurea or penicillin at 2°; inoculum grown in TSB at 37% 


Storage menstrua: o, TSB; A, TSB + hydroxyurea;a, TSB + 
penicillin. 


Plating media: , tryptic soy agar +-0.5% yeast extract; 
=== , desoxycholate agar. 
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FIG. 61. Viability of Salmonella hetdelberg in tryptic soy broth plus 
sodium azide or oligomycin at 2°; inoculum grown in TSB at 37°. 


Storage menstrua:. 6, TSBsA, TSB + -sodiumiazide: og, TSB + 
oligomycin. 


Plating media: , tryptic soy agar + 0.5% yeast extract; 


----- » desoxycholate agar. 
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FIG. 62. Viability of Salmonella heidelberg in tryptic soy broth plus 
chloramphenicol or fluorouracil at 2°; inoculum grown in TSB 


at aai/ nee 


Storage menstrua: o, TSB; A, TSB + chloramphenicol; o, TSB + 
fluorouracil. 


Plating media: , tryptic soy agar + 0.5% yeast extract; 


=> , desoxycholate agar. 
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FIG. 63. Recovery of TSB grown Salmonella heidelberg at 37° after 8 
days' storage in tryptic soy broth plus fluorouracil, 
chloramphenicol or penicillin at 2°. 


Recovery -menstrua: o, TSB; A,. TSB + fluorouractl&° +, TSBy+ 
chloramphenicol; a, TSB + penicillin. 


, tryptic soy agar + 0.5% yeast extract; 
<i » desoxycholate agar. 


Plating media: 
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FIG. 64. Recovery of TSB grown Salmonella hetdelberg at 37° after 8 
days' storage in tryptic soy broth plus hydroxyurea, sodium 
azide or oligomycin at 2°. 


Recovery menstrua: 0, TSB; A, TSB + hydroxyurea; +, TSB + 
sodium azide;O, TSB + oligomycin. 


, tryptic soy agar + 0.5% yeast extract; 
----- ,» desoxycholate agar. 


Plating media: 
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Recovery of Salmonella hetdelberg in tryptic soy broth plus 
nalidixic acid, fluorouracil or chloramphenicol at 20°; 
organism grown in TSB at 37° and cold-injured for 4 days in 
distilled water at 2°. 


Recovery menstrua: o, TSB; A, TSB + nalidixic acid; a, TSB + 
fluorouracil; +, TSB + chloramphenicol. 


, tryptic soy agar + 0.5% yeast extract; 
ie mnine » desoxycholate agar. 


Plating media: 
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fluorouracil and nalidixic acid do not inhibit the recovery process 
in TSB. However, the recovery process was completely blocked by the 
presence of sodium azide and penicillin (Fig. 66). In addition, both 
inhibitors induced some cell death. Similar findings were observed 
when injured cells were allowed to recover in GSB instead of TSB. 
Recovery occurred in the presence of chloramphenicol, rifampin, 
fluorouracil and nalidixic acid (Fig. 67), but was inhibited completely 
by penicillin and drastically by 2,4-dinitrophenol (Fig. 68). 

GSB has been shown to be very efficient in the recovery process. 
The ability of the individual components to aid in recovery was studied 
by suspending the injured cells in each of the ingredients in the same 
concentration and pH as in the GSB. The inoculated test solutions 
were incubated at 20° and samples were plated at time intervals to 2 
hr (Figs. 69 and 70). All the components of GSB, phosphate, glucose, 
citrate, magnesium sulfate, ammonium sulfate and distilled water alone 
could not permit the recovery of injured cells. Instead, injured cells 
showed appreciable loss of viability in distilled water, glucose, 
ammonium sulfate and sodium citrate. Normal cells on the other hand, 
could survive very well in distilled water and practically no death 
could be detected on TSY agar up to 2 hr incubation at 20° (data not 
shown). The stress of low temperature imposed on the organism in 
distilled water appears to be more severe than in TSB. Under such a 
hypotonic cold environment, the cells apparently were rendered not 
only sensitive to desoxycholate agar but also/osmotic stress. The 
recovery of injured cells to normal can probably be demonstrated with 
the return of normal osmotic resistance as well as desoxycholate 


tolerance. An experiment was conducted by inoculating injured cells 


a | 
Eroorng De 
+] f ¥ orl 
O) PTET hy Sapien nthe sty bie _ 
ni BEAN iid: at ja 2) 
- Pies if io a ‘sino : 
x Eee Hedenetits he es Pl ew al 
ee hee 
; ich” Oaee eeh T 
f i = Hm j A hy Be i x \ +a 
, ‘4 Dy Vial ; 
p Qoravosss “ods ark daa ee ae May | ail 
y aS ae ‘ f De ry j ni eee) ea 
; fers eM J La ~ 7 F a . | i 4 ay as 
giyay (hh) eS Srhaiies QaTt) WAI PR ite ’. el ad menue ant 2 
, 4 / ; t + j a. -9 | 
onedsoide tuak Bete {Coe ae ee wht, mde 7 a ral 
ft eleven int am} 4 re Jota ere defi, DHE Aes se-pas ad 
: ‘ i ae My ep) ‘ oa 
4 ee) 7 are ie art oar ot yrs see apy Alan * 10% vin, ee a 


, i a i ae 


on. Vg i dag f LaiBit { ae thin x aed i withtws oveemtte 


oh pebeehe’s eit ty nr a 1b io | oon ia f * pattie an, sae 
See . a“ : 
. 7ent an yi (Saleh acai Shes isi BM st) fart, ‘at re raw avy 
“ . a aiel 5 > eee ie oe f | ate i 
tg a Bhd 15 Fe it peatvadl, 5 ‘vi 's as ‘gw “iae vier ce twtodshy a 
/ i Q i ' ee ; : Ri t i “y [ y : 
mi pb Mia hep NP ic oa ‘908 eile + -— wen ry) ares ott 
a ox! wh Mie rh) Le Tae ‘nants riaeae Bini i BY apn vinta tn 


Tar bes Saha? 45s wibtie <eaN ee 


: j : 
~ i¢ - . Cc 7 Vie eae 


oy = 


1 ¥ 
mY IK es ; 


a git ap2 aaie wee | oes Aen ved at onan a | tahoe Wy bat 


a), ‘eu pate lwamraiicte 3 { sihsedeng 203 ft vorw: ce a isa Sevwtar a 1" oi 
Cae lak en wetias sig Ld =f aanedetis sities epi bes wi x, 


aie. hacia DAT fslaoral 


my 


sessile Pritt) Anema cm 


ae 


Vig 


8 

————— 0 9” 

See 
= —-4 ae 
Zo 7 - 
=) PE 
O -O 
UO A 
a oa 

a 

Z 7 
O 
3 2 ee —_-7o 
* 6 8 ed tom) an oa ae ae on A, 
O 
= 


0) 1 2 
TIME (hours) 


FIG. 66. Recovery of Salmonella hetdelberg in tryptic soy broth plus 
penicillin or sodium azide at 20°; organism grown in TSB at 
37° and cold-injured for 4 days in distilled water at 2°. 


Recovery menstrua: 0, TSB; A, TSB + penicillin; o, TSB + 
sodium azide. 


Plating media: , tryptic soy agar + 0.5% yeast extract; 


pape , desoxycholate agar. 
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Recovery of Salmonella hetdelberg in glucose~-salt broth plus 
rifamycin, fluorouracil, nalidixic acid or chloramphenicol at 
20°; organism grown in tryptic soy broth at 37° and cold- 
injured for 4 days in distilled water at 2°. 


Recovery menstrua: o, GSB; A, GSB + rifamycin;o, GSB + 
fluorouracil; +, GSB + nalidixic acid; 
x, GSB + chloramphenicol. 


, tryptic soy agar + 0.5% yeast extract; 
= iar ,» desoxycholate agar. 


Plating media: 
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FIG. 68. Recovery of Salmonella heitdelberg in glucose-salt broth plus 
penicillin or 2,4-dinitrophenol at 20°; organism grown in 
tryptic soy broth at 37° and cold-injured for 4 days in 
distilled water at 2°. 


Recovery menstrua: o, GSB; A, GSB + penicillin;o, GSB + 
2,4-dinitrophenol. 


, tryptic soy agar + 0.5% yeast extract; 
ai » desoxycholate agar. 


Plating media: 
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Recovery of Salmonella hetdelberg in different components of 
glucose-salt broth at 20°; organism grown in tryptic soy broth 
at 37° and cold-injured for 4"days in distilled water at 2°. 


Recovery menstrua: 0, GSB; A, phosphate buffer; +, glucose; 
oO, distilled water. 


, tryptic soy agar + 0.5% yeast extract; 
----- ,» desoxycholate agar. 


Plating media: 
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FIG. 70. Recovery of Salmonella hetdelberg in different components of 
glucose-salt broth at 20°; organism grown in tryptic soy broth 
at 37° and cold-injured for 4 days in distilled water at 2°. 


Recovery menstrua: o, GSB; A, magnesium sulfate; oO, ammonium 
sulfate; +, sodium citrate. 


, tryptic soy agar + 0.5% yeast extract; 
<---> ,» desoxycholate agar. 


Plating media: 
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22 
into GSB which was then incubated at 25° for recovery. At intervals 
samples were plated on TSY agar and desoxycholate agar so as to deter- 
mine the percentage of cells that had ee ed the tolerance to 
desoxycholate and at the same time, the tolerance to osmotic stress. 
Osmotic tolerance was determined by harvesting the culture sample which 
was then washed twice mien cold distilled water. The suspension was 
finally incubated at 25° for 1 hr. The initial and final counts on 
TSY agar was determined before and after the incubation. The results 
(Fig. 71) show that recovery was accompanied by both a return of 
resistance to desoxycholate agar and osmotic stress, both of which 
followed each other until 70 min of incubation, after which the former 
rate decreased whereas the latter proceeded at an undiminished rate. 

Previous experiments on GSB grown S. hetdelberg showed that 
injured cells had increased permeability to ANS. The ability of RNase 
to penetrate TSB grown culture after cold storage was studied by deter- 
mining their survival in phosphate buffer (0.063M, pH 7.2) during 
incubation with the enzyme at 25° (Fig. 72). Normal cells grown in TSB 
at 37° were harvested, washed with distilled water and resuspended in 
phosphate buffer plus ribonuclease (100 ug/ml). The cell suspension 
was then incubated at 25° and viability was determined by plating 
samples on TSY agar at intervals. The normal culture was able to 
survive well up to 2 hr of incubation. When the organism was injured in 
distilled water for 4 days at 2°, it showed rapid death within 30 min. 
When the injured culture was allowed to recover for 1.5 hr in GSB at 


25°, it retained its ability to survive under these conditions. 
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FIG. 71. Recovery of osmotic tolerance and resistance to desoxycholate 
agar in Salmonella hetdelberg incubated at 20° in glucose-salt 
broth. The culture grown in tryptic soy broth at 37° was 
harvested, washed and stored in distilled water at 2° for 5 days 
after which they were allowed to recover in GSB at 20°. At 
intervals samples were taken from the recovering culture and 
tested for their tolerance to desoxycholate agar and osmotic 


Ser eiSc 


Symbols: ©, % cells resistant to desoxycholate agar; o, % cells 
resistant to osmotic stress determined by the % 
survivals of washed cell samples after incubation in 
distilled water at 25° for 1 hr when plated on tryptic 
soy agar + 0.5% yeast extract. 
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Survival of Salmonella hetdelberg in phosphate buffer plus 
ribonuclease at 25°; organism grown in tryptic soy broth at 
37° (A), cold-injured for 4 days in distilled water at 2° (A), 
and allowed to recover for 1.5 hr in glucose-salt broth at 25° 


(¥). 


Plating medium is tryptic soy agar + 0.5% yeast extract. 
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DISCUSSION AND CONCLUSIONS 


The initial aim of the present study was to determine the effect 
of sub-optimal temperatures on the growth and viability of salmonellae 
in tryptic soy broth (TSB) and glucose-salt broth (GSB) at pH 5, 6 and 
7, using a temperature gradient incubator. 

The data indicated that TSB at pH 6 and 7 could support abundant 
growth at 6° but not at 4°, while that at pH 5 could support slight 
growth at 14° and abundant growth at 16°. This finding reinforced 
most workers! conclusions that food should be held below 5° at all 
times to prevent the growth of salmonellae (Prescott and Geer, 1936; 
Prescott and Tanner, 1938; Angelotti et aZ., 1961; Matches and Liston, 
1972). It should be emphasized at this point that although growth 
was observed at 6° in TSB at pH 6 and 7, this occurred under ideal 
conditions for salmonellae. A complete nutritional medium was used, 
free from competing microflora and natural inhibitors that would be 
present in the actual food product. It is not possible to extrapolate 
the behavior that occurs in a laboratory medium to that in a food 
product or the environmental situation that actually exists in a food 
processing establishment. However, the minimal growth temperatures 
were derived under ideal laboratory conditions and, as such, would 
represent the absolute minima below which no growth of salmonel lae 
will occur. 

Matches and Liston (1968) reported that. as the temperature was 
decreased towards the minimum, the most obvious effect on the growth 


of salmonellae was an extension of the lag phase. This lag could be as 
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126 
long as 5 days in case of S. hetdelberg and 26 days in case of S. typht- 
murtum and S. derby. Our results did not show such a long lag. Instead, 
growth in TSB at-pH 6 and 7 was rapid even at 6° and reached the maximum 
on the tenth day of incubation KPigse GRvy 1615 116, 18 and 19). The 
long lag of low temperature found by Matches and Liston could be due to 
the fact that they used a smaller inoculum and an inoculum obtained 
from the stationary phase. In agreement with our results (Figs. 5, 14 
and 17), they found that salmonellae were unable to grow over a 
temperature range of 2-12° at pH 5 (Matches and Liston, 1972). 

An interesting finding is that the survival of salmonellae grown 
at low temperatures is much greater than organisms grown at higher 
temperatures. This is probably related to the change in pH of the 
medium which is more noticeable at higher temperatures, augmented by 
higher temperatures of peubatian (Tables 1, 2 and 3). Thus cells 
grown in TSB at pH 5 and 7 having their final pH on the critical acid 
or alkaline side respectively at or above 21° died off rapidly. The 
death rate was enhanced at temperatures further above 21°. On the 
other hand, cells grown at pH 6 did not yield enough acids to be 
lethal and their survival was great even at higher temperatures. The 
survival of salmonellae at low temperatures perhaps also depends on 
the previous history or make-up of the organism. Smith et aZ. (1974) 
who also found that higher temperatures enhanced death of gram-negative 
bacteria at their stationary phase, proposed that a prerequisite for 
long-term survival of vegetative cell cultures was completion of 
secondary metabolism. Thus environmental factors such as temperature, pH, 
redox potential, trace metal and inorganic phosphate concentrations 


that permit good yields of secondary substances should favor longevity; 


‘pain ‘ pee! Ga rene si 5h a asthe on 


y its pe ae 8 oe <i vine eS id i 


a a eon 5 di Sve cerry xen fone 
ehM\E A we nl aie a i ah aa me 4 


" sp yhutery 
ei les e i it te +e Fendt sadn, cane " 
ee sit : vid ner: v4 conn | vi ita Yi ai 
hae? Me res igre, ea (i wa 06: seed 
ise thot pens vig ne He ait, sans aneen 4 tect mine “7 | 
bY gt Ws ian a, they aay patina oe whew a oe | att ptt: 
reer fk ete ae ey thag ati ‘ visnepina in she 
if O4 iaplaehee bait thoy, ve bi WM 8 mestn at igs bot gad mM a 
eee | seagnay’ ‘shalt gma ee e » Dawah Atods bas sediet ini 
1 Sanionatiide arin mittee aa) eA wieioaney wal bie wih Sercan a ss) toys 
va RiP AR oy ai toes rh <bnigg any +0, ae ey nr) vided auolwong as 
Vi eee Me (p90 tga iv: fide iH Be em TSN ATONE sail xorly, bauer olathe 
| | rs atmos ru rH ae pacing <ptae anitiyga 1 Tt 6: eisegbed | i ; 
PS GE QOS: cee Sa ur htg ites 4°) 2 meagpay <i fevtvrue mmisapnal ! a 
Awieneane s) 26 7 a ees 1 tnsagn yt im vine ; cat Wedeaee, qrabnona i ( 
Apiiniwislsts 4 ian sine yh ‘ot: 1 é eit abet ‘ sehariereq arb ae 


Oy ey Obaseate ‘aieitis awrabrioama Ae whip se eda rae vs ‘i 


aalier SF ae re 
) 1 ics "rr 


: . } me ue : i 
< i j j ] 7 ¥ 4 ry 
Ay, 1 , av a yd VP 4 
if i yes 
i ¥ a \ n U . iat ' ri 


27 


those that suppress secondary metabolism should cause early death 
(Demain, 1968; Weinberg, 1970, 1971a,b; Smith et al., 1974). 

S. hetdelberg grew much more slowly and gave less cell yield in GSB 
than in TSB at all temperatures and pH levels. The organism could grow 
in GSB at low temperatures of 11, 9 and 9° at pH 5, 6 and 7 respectively 
(Figs. 20-25). But incubation was carried out in a static temperature 
gradient incubator and the oxygen availability might be limited and 
become critical in the initiation of growth in the minimal medium at low 
temperatures. In fact, when aerated the organism could grow well at 7° 
and slightly at 6° in GSB at pH 7 (Figs. 29 and 33). On the other hand 
the reason for the lower minimum temperature of growth in GSB compared 
with TSB at pH 5 is not clear. Growth in GSB at pH 5 and 6 yielded 
comparatively more acids than in TSB (Table 4) leading to a faster death 
rate in the stationary phase at temperatures above 21°. However, growth 
in GSB at pH 7 yielded a final pH around neutrality and, hence unlike 
that in TSB at pH 7, led to long survival of the organism even at higher 
temperatures. 

The data on the effect of temperature on generation time and growth 
rate of S. hetdelberg in GSB indicates that the organism shows the 
temperature response of a typical mesophile (Ingraham, 1958). At temper- 
atures below 18°, growth rates are greatly slowed and deviated from the 
Arrhenius equation (Fig. 31). At these low temperatures cell yield is no 
more constant and is independent of growth rate. Instead it falls off 
precipitously. Forrest (1967) and Ng (1969) found similar results with 
Strep. faecalis and E. colt respectively and concluded that decrease in 


cell yield with decrease in temperature was a result of uncoupling of 


energy utilization from energy production. This was due to the limitation 
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of certain biosynthetic processes and not due to the limitation of energy 
production nor decreased permeability. The present data show that ATP 
synthesis was not decreased at low temperatures nor was the leakage of 
ATP from cells stored. at 7° significant (Figs. 28 and 29). Therefore, 
the failure of sugar transport coupled with loss of permeability control 
at low temperatures as a possible basis for the minimal growth temper- 
ature of bacteria (Farrell and Rose, 1967a) is not supported. 

The above hypothesis, that biosynthesis limits growth at low 
temperatures, is further supported by the findings of Das and Goldstein 
(1968) and Friedman et aZ. (1969). The former worker demonstrated that 
at 0° PES Coinen thesis in E. eolt slows progressively and eventually 
stops, while RNA synthesis continues at an undiminished rate. The cause 
of low temperature defect on protein synthesis appears to be an inability 
of free ribosomes to attach to mRNA. The evidence suggests that a rib- 
osome has to be activated once it has been released from the 3' end of 
a mRNA strand, in order to permit its functional reattachment at the 5'- 
end of a new operon. This activation apparently proceeds too slowly at 
0° to be effective in completion with inactivation processes. The low 
temperature effect in protein synthesis could explain the well known 
phenomenon of minimal growth temperature. Friedman et al. (1969) found 
that lowering the temperature of F. colt to 8° resulted in an accumulation 
of ribosomal subunits due to a block in the initiation of protein synthe- 
sis while the elongation of proteins initiated before the temperature 
shift continues until they are completed. This low temperature ribosomal 
subunit accumulation has a sharp cut-off between 8° and 10° and thus 
E. colt can eee protein synthesis at 10° and above but not at 8° 


or below this temperature. However, most activities including RNA and 
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DNA synthesis continue at 7°. They suggested that the failure to 
initiate the synthesis of new proteins is responsible for failure to 
carry out cell division; a process which naturally requires new proteins. 

As mentioned earlier, growth rate of S, heidelberg is greatly 
diminished towards the minimal growth temperature and deviates from 
the linearity of the Arrhenius plot. Most workers point out that 
biosynthesis and not catabolism is the limiting factor at low temper- 
atures. It would be of interest to find out the effect of temperature 
on the rate of protein, RNA and DNA synthesis during balanced growth of 
S. hetdelberg. An Arrhenius plot of the data might show which bio- 
synthetic process is affected at low temperatures. 

In any study on the effect of low temperature on micro-organisms, 
the phenomenon of cold shock must be recognized and taken into 
account. It is a wel] additictics phenomenon that may result in damage 
or death to micro-organisms upon sudden chilling of a dilute 
suspension of bacteria. (Farrell and Rose, 1967b). Shock occurs only 
under specialized conditions but when these conditions are met 
survival can drop as much as 10,000-fold. Susceptibility to cold 
shock is usually found only in bacteria from exponential phase cultures 
(Gorill and McNeil, 1960) and is dependent on rapid chilling. The 
occurrence of cold shock is also affected by the concentration of cells, 
the medium in which the cells are grown and in which they are suspended 
during chilling (Gorill and McNeil, 1960; Houghtby and Liston, 1965; 
Strange, 1964). In the present work cold shock did occur when 
exponentially growing S. hetdelberg in GSB was inoculated into fresh 
GSB pretempered at 5°, no matter whether the inoculum was obtained 


directly from the growth vessel at 37° or by harvesting the culture at 


white: Hen han ening “i Habel we a ai 


= ca 


ary labled jain uel inti riba 1g a poeta 


<i) ey a any diate oil ie! . 


ec a re sping 3 4 iBone, Ol oan 


ye ‘aie ies ay me: todetie ‘ion me 
1G fete re “yi oT tae tera fy ad ‘Sitche 
wees renin wre Hoa AMO soteiig | 
eeu aal ihe) Say | 5 alts 48, ae enlasieh a 


8; 


‘ ney ig % ‘wee ‘We Jt enh me telat ‘ 


; eg a ‘its, nae ages we 
| a yy j Bi toil "at per : 
Ay, lg ema my Ht ay, nisin ‘rele Jeeta 
ssydao) HM | we POM ; pe vine Anes) ri tg) ok0 19 a a 
ee spolan sea ‘ est fig rv dad asohathnap Sate ae 


i 
A 


$) 3 Peek yeas ah ake i ep itt “doe ahs ‘gbeh ato Teva aH) 


‘ws seeta i Vabiidadel We 1) ee ink ‘athe vat: yt wd: SF 


ma ‘aig wt AP tipe: tae, {tea baa, re : 

Yat ne a shpeatos ent 0 Nive ret te fabs + hae Nioa %e wanayveae } 

| oi al vo yy 
tmgney?iie ore: varie dstdunl Bam liemip! dome et hen, 1 a Hat ty: at nut bent oft 


Fe 14 RE a7 Hic Ae Cae" “yh at Si | Bae i tabs “19 pri i ' bihiy opi 


ih doors drow ines Pend st uber: (apres 


i i 
n ee) | ' 


SCRE COM La ah eee eet yy vl aiden 
‘ * a a “< 
by ry Lig eg ' fi a . bids Or : gq * re eth 0 Ua sen r Met | i Be onmlahiod ae e's 


t 


fa equity oft on Mem inl cit Wh ta ieekee oie aa pot laden, 


130 


18° and resuspending in a small volume of GSB at room temperature. As 
many as 2.5 log cycles of cells were damaged and rendered incapable of 
growth on TSYA. However, when the chilled cells were enumerated on 

GSA instead, cold shock’ was not demonstrated. The ability of the 
chilled cells to grow on minimal medium rather than on the complex rich 
medium is the reverse of the phenomenon of ‘metabolic injury! reported 
on micro-organisms subjected to freezing (Straka and Stokes, 1959; 
Postgate and Hunter, 1963; Moss and Speck, 1966a; Kuo and Macleod, 1969) 
or subjected to sublethal heating (Nelson, 1943; Allwood and Russell, 
1966; Russell and Harries, 1968). However, it is similar to the 
‘minimal medium recovery' effect observed in radiation sensitive 
organisms (Ganesan and Smith, 1970) and sublethally heated Salmonella 
(Gomez et al., 1973). 

Upon further incubation at 5°, the chilled S. hetdelberg gradually 
recovered from its sensitivity to TSYA (Fig. 46). Sato and Takahashi 
(1969) reported that cold shocked F. colt could recover in magnesium 
solutions at a temperature as low as 3° and the recovery process 
required energy synthesis. However, in this study, recovery of S. 
hetdelberg from cold shock occurred in the presence of 2,4-dinitro- 
phenol (Fig. 48). The difference in these findings is probably due to 
the fact that the recovery menstruum employed in this experiment was 
glucose-salt broth rather than magnesium solution. Although 2,4-di- 
nitrophenol is a potent inhibitor of oxidative phosphorylation, it does 
not inhibit the production of ATP via substrate level phosphorylation, 
for example, from glucose in Staph. aureus (landolo and Ordal, 1966) 
and S. typhimurium (Pierson, 1970). The results also showed that 


rifamycin and rifampin which are potent inhibitors of RNA synthesis, 
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irreversibly binding to DNA-dependent RNA polymerase, inhibited the 
recovery of chilled S. hetdelberg (Fig. 49). Thus RNA synthesis is 
required in the recovery process at 5°. As mentioned earlier, RNA 
synthesis can proceed at temperatures as low as 0 and 7° in &. colt 
(Das and Goldstein, 1968; Friedman et al., 1969). 

Cold shock has been shown to alter membrane permeability leading 
to leakage of U.V.-absorbing compounds from A. aerogenes (Strange and 
Dark, 1962) and stimulate auto-degradation of RNA in the organism 
(Strange and Postgate, 1964). The recovery process of S. hetdelberg is 
much faster at 20° than at 5° (Fig. 46). Similarly that of F. eolt is 
favored at 30° than at 3° and is facilitated by magnesium ions (Sato 
and Takahashi, 1969). Magnesium ions are well recognized as cofactors 
of many enzymatic activities, an important stabilizer of ribosomes 
(McQuillen, 1962) and are able to diminish RNA degradation in heat 
stressed A. aerogenes (Strange and Shon, 1964). They also affect 
membrane porosity (Scherrer and Gerhardt, 1973). | 

Unlike cells grown in GSB, S. hetdelberg grown in TSB was more 
resistant to cold shock and no significant difference between counts 
on GSA and TSYA was found (data not shown). This is in agreement 
with the finding of Strange and Ness (1963) that susceptibility to 
cold shock in some bacteria decreases when the organisms are grown in 
nutritionally complex media rather than in chemically defined media. 
Growth in nutritionally complex media in general leads to an increased 
synthesis of unsaturated fatty acids by bacteria (Kates, 1964). Rose 
(1968) suggested that susceptibility to cold shock in Gram-negative 


bacteria may be a function of the content of unsaturated fatty acid 


residues in the membrane lipids. 
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It is concluded that cold shock of S. heidelberg in GSB should be 


interpreted with caution as the chilled organism showed cellular injury 
rather than death. Injury is probably due to altered membrane perme- 
ability and ribosome integrity and is manifested as loss of ability to 
form colonies on TSYA. The injury is reversible and can be repaired 
when RNA synthesis takes place. The results question the use of rich 
media as pre-enrichment procedures for the isolation of chilled food- 
borne pathogens and it is suggested that GSB is probably more appro- 
priate for the pre-enrichment step in the isolation of chilled salmon- 
ellae. 

During prolonged storage of GSB grown or TSB grown S. hetdelberg 
at 0-5° in GSB or TSB respectively, the organism was injured and 
rendered unable to grow on desoxycholate agar or MacConkey agar (Fig. 
32). This observation is different from cold shock, as both GSB grown 
and TSB grown cultures showed the same injury; viable counts on TSYA 
and GSA were practically the same and both media supported many more 
colonies than desoxycholate agar. 

The phenomenon of increased nutritional requirement was not 
observed with GSB grown S. hetdelberg when stored at 5°. Counts on TSYA 
and GSA were similar during recovery as was the rate of recovery in TSB 
and GSB (Figs. 34 and 35). These findings differ from results with 
E. colt and S. anatum subjected to freezing, both of which showed 
increased nutritional requirements or better recovery in a rich medium 
(Moss and Speck, 1966a,b; Ray et al., 1972). 

Analysis of GSB grown S. hetdelberg did not show any appreciable 
degradation of RNA, DNA and protein during storagesat: 2° .eaThe 


recovery process of GSB grown and TSB grown cultures from injury was 
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similar. Both can recover in the presence of inhibitors of RNA, DNA, 
protein, mucopeptide or ATP synthesis. ‘The endogenous reserve of such 
cultures probably plays an important role in the recovery process, as 
both can recover very well in phosphate buffer. On the other hand, 

ATP synthesis during recovery from injury caused by freezing or freeze- 
drying in S. anatum has been reported (Ray et aZ., 1971 and 1972). 
The difference in results could be due to the fact that freezing and 
freeze-drying are more severe stresses causing metabolic injury of the 
cells with increased nutritional requirements or could be due to the 
use of different plating media. 

As mentioned earlier, some microbial activities, including RNA and 
DNA synthesis, can continue even below the minimal growth temperature 
(Das and Goldstein, 1968; Friedman et al., 1969). Such unbalanced 
metabolism could also occur in 8. hetdelberg at 0-5°, but could not 
be the cause of injury observed in the present study. Firstly, 
injury occurred not only at sub-minimal growth temperatures but also 
at 6°, about 0.7° above the minimal growth temperature of S. hetdelberg. 
At this temperature some growth and presumably balanced metabolism 
occurred in T&B. Secondly, addition of antimicrobial inhibitors to 
the storage menstrua at 2° did not increase or decrease the percentage 
of injury significantly, with the exception of 2,4-dinitrophenol (Figs. 
59-62). Friedman et al. (1969) found that incubation of F. colt at 
0-5° led to accumulation of ribosomal subunits. Such accumulation was 
complete within 3 hrs at 5°, but this probably can not be related to 
the injury of S. hetdelberg which developed gradually and became 
significant only after several days of incubation at the same 


temperature. Moreover, no significant difference in the amount of 
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injury was noted between cultures chilled in TSB and in TSB plus 
chloramphenicol which, in its de tehes. will halt the accumulation of 
ribosomal subunits at low temperatures. 

The presence of penicillin during cold storage of S. hetdelberg in 
TSB induced rapid death of the organism. This is probably due to the 
fact that under this condition, cell wall mucopeptide was not synthesized. 
The mechanism of the protective effect of 2,4-dinitrophenol on chilled 
S. heitdelberg is not clear, but is probably due to a physical rather 
than a biochemical effect, since oligomycin, also an inhibitor of ATP 
synthesis, does not protect the cells from injury (Figs. 59 and 61). 

Although the exact mechanism of cold injury of TSB grown or GSB 
grown S. hetdelberg when stored in TSB or GSB respectively is not clear, 
it appears that cold injury produces some kind of damage to the cel] 
envelope of the organism resulting in increased permeability. There is 
leakage of U.V.-absorbing compounds from the organism during cold 
storage and the dye, ANS, which normally cannot enter the cells, can 
now do so (Figs. 44 and 45). The recovered cells regained their 
impermeability to the dye. The fact that injured cells are rendered 
sensitive to desoxycholate and MacConkey agar would indicate that the 
outer structure of the cells was damaged. The agars contain respect- 
ively desoxycholate and bile salt which are surface-active compounds. 
lt is known that in the gram-negative bacteria, the outer lipopoly- 
saccharide layer of the cell wall protects the mucopeptide layer of the 
wall and the lipo-protein layer of the membrane against the action of 
hydrolytic enzymes and surface-active agents respectively. Hence 
normal cells are not sensitive to desoxycholate or MacConkey agar. Cold 


storage probably induces some steric or chemical change of the 


1 NaF i pee 
eta 4." ald Pay ; 


= fie psec mis i on pte aK a mi cs 


ah, La it ®t ie bgt Harel ci id sabia 


Vi ex Wy Die dl ; iA eek et mT) ith ; 


| cand ig etal 
i rere fiat Ne spit ft wit conan) 
et iy 2 liege iekidaliein dl 
ignited) are ns te Pale felt . | 
He 8 * wrt ‘i wi 4 eh he hal Siping bee tel 
«isis per 15h atel ieee pean sesh wid ie 
an ae ay nis a = Bagi He (ne, cas “ee beg sh ‘s ; 
‘deat pan gupnhtal Ah aie eng! a ihe Hg at 4 nd i 
r at ll ey Negi ery: Seana ani my ae oy stoner 
Pears ssl mh iret oi any’ snes ye ‘ : 


or 


age re xt Da) Apow. ‘voy ‘gpnnidaone ‘ent 


x Pat is Oe sf 4 ner wh vi any ei vat hw aul te 
usOAeT NS ana? shy asians: veer ms Nia iW ‘he ntpten 

rAd « _ Ps a ay eh i ipl 
ae‘ re ¥ TeX mart ar me hit aD, nce hil, wt saat 


hy, 


He ‘eiho saad m re \ bey nha wt Meet oe an Ani : 


Ae 


Beng Leura | i na sin ate hoe wang ‘hal ‘ig Ge bis, ai 
Deiat Ss pays tien g end wal i a ah inva vii ms 


ania Hiden bas ahaha me 


ry os 


135 


Pree ees echee ae layer and allows the surface-active agents to come 
in contact with the lipo-protein vee ct the membrane. The damage 
to the cell envelope is reversible and can be recovered. The fact that 
recovery is favored at pH 6-8 and is much faster at 35° suggests the 
process may involve an enzymatic reaction. 

The stress imposed on the TSB grown S. ketdelberg during cold 
storage in distilled water appears to be more severe than in TSB. 
Under such a hypotonic environment, the cells are constantly subjected 
to both cold temperature and osmotic stress. The organism becomes 
sensitive to desoxycholate agar and has an increased permeability, as 
evidenced by the ability of RNase to enter the cells. Permeability to 
RNase is lost when the cells are allowed to recover. However, unlike 
cells stored in TSB, the injured cells cannot recover in simple 
substrate solutions such as phosphate buffer and the recovery process 
requires the synthesis of mucopeptide and ATP (Figs. 66 and 68). This 
indicates that the injury involves not only the lipo-polysaccharide 
layer of the cell wall but also the mucopeptide layer. It is well 
known that the cytoplasmic membrane lying immediately beneath the wal] 
is so fragile that it has to be protected by the cell wall against 
osmotic forces. The wall must be rigid and there is abundant evidence 
that the mucopeptide component confers this property on the cell wal] 
as a whole (Mandelstam and McQuillen, 1973). The cell wall mucopeptide 
of S. hetdelberg probably undergoes some kind of change or degradation 
during cold storage in distilled water. This is further substantiated 
by the fact that injured cells died off much more rapidly than the 
normal cells in water at 20° (Fig. 69) and the recovering cells resumed 


their resistance to osmotic pressure gradually in accordance with the 
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increasing tolerance to desoxycholate (Fig. Taly ie 

In conclusion, storage of S. hetdelberg at refrigeration 
temperatures results in damage to the cell envelope of the organism 
and renders them sensitive to surface-active agents. The damage may 
be due to altered lipo-polysaccharide/or mucopeptide of the cell wall 
depending on the storage menstruum. The injury is reversible and is 
dependent on the pH and temperature and conceivably on enzymatic 
reaction(s). It is suggested that pre-enrichment procedures should be 
employed in the isolation and detection of salmonellae from foods 
stored at refrigeration temperatures, possibly in giucose-salt broth to 
compensate the phenomenon of 'minimal medium recovery'. The purpose 
of the pre-enrichment procedure would be to allow the cells to recover 
from the cold injury without being exposed to inhibitory or selective 
substances which might be tad, toxic to the injured cells. In 
addition, selective agents such as brilliant green agar that are not 
surface-active should be developed and employed. Since cold injury 
very often leads to increased permeability of the cell envelope, all 
plating diluents should be prepared in distilled water free of toxic 
trace elements. If direct enumeration of the organism in the food 
sample is required, appropriate inhibitors to prevent multiplication of 
the cells, but to allow recovery, could be added to the recovery 
menstruum, 

The results reported in this thesis support earlier studies on 
the effects of environmental stress on injury to micro-organisms. 
Namely that injury is a very complex phenomenon and the extent of injury 
and recovery is markedly affected by a peninentsl conditions. With 


increasing pressures for bacteriological standards for foods, it is 
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essential that these factors be recognized. Considering the different 


responses of different micro-organisms, it is clear that much more work 


in this field of study is essential. 
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